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Abstract
The mitochondrion imports and processes the vast majority of the proteins
which comprise its structural elements and metabolic pathways. Studies in the

last decade have been successful at defining the mechanism and protein
machinery responsible for recognizing, importing, and processing cytosolic
precursor proteins into the mature mitochondrial proteins. Little is known,

however, about physiological factors which might influence or compromise

mitochondrial protein processing. The objective of this work was to develop a

novel approach to study mitochondrial import and assembly of precursor proteins
as a process within the context of the cellular environment. To these ends we

employed the baculovirus expression system to overexpress the prototypical

precursor protein, human manganese-dependent superoxide dismutase (hMnSOD). It was found that hMn-SOD precursor was correctly processed and

assembled by Spodoptera frugiperda insect cell mitochondria into fully active

mature hMn-SOD. Using this model, in which the expression of a single

precursor protein is greatly exaggerated, we were able to study factors which
might influence mitochondrial import of proteins. Others have reported that

under hyperoxic conditions a post-translational block of the functional
expression of Mn-SOD occurs [Clerch et al. (1993) J. Clin Invest., 91:499-508].

This led us to hypothesize that this block of Mn-SOD expression could occur at
the level of mitochondrial import. In particular, we reasoned that mitochondrial

import of precursor proteins may represent a process which is susceptible to
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dysfunction; and which, if compromised, would lead to a post-translational block
of the functional expression of mitochondrial protein. Consistent with our

hypothesis it was found that oxidizing stress applied with hyperoxic culture
conditions (>95% O2 atm.) or the redox cycling agent, paraquat, leads to a lesion
of the import/processing of precursor hMn-SOD in the baculovirus model. The

use of 1mM manganese chloride to activate the superoxide dismutase activity of
the recombinant hMn-SOD was found to ablate the effects of hyperoxia and

paraquat treatments, directly demonstrating the involvement of superoxide anion

in the dysfunction of hMn-SOD processing. The oxidation of key sulfhydryl
groups as a component of the mitochondrial processing lesion was implicated by
virtue of the observation that the sulfhydryl reducing agent, dithiothreitol (DTT),

was completely effective in preventing the block of hMn-SOD processing induced
by paraquat. In addition, the recent suggestion that the peripheral
benzodiazepine receptor (PBzR) is associated with the mitochondrial protein

translocation machinery led us to explore the effects of the known binding
ligands for this receptor. Strikingly, the peripheral benzodiazepine receptor

agonists PK11194, Ro5-4864 and Protoporphyrin IX were all found to enhance
mitochondrial processing of hMn-SOD precursor, suggesting a role for the PBzR

in regulation of mitochondrial import of proteins. Collectively, our results suggest

a possible physiological role of a redox-regulated mechanism for mitochondrial
biogenesis which could explain, at least in part, the broad heterogeneity of
mitochondrial phenotypes.
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Literature Review

The mitochondrion is a central cellular organelle involved in numerous
aspects of cellular metabolism and energy production. Its morphology and

protein composition is conserved to a remarkable degree throughout the
eucaryotic kingdom. Mitochondrial oxidative phosphorylation accounts for the
vast majority of cellular ATP production. The important metabolic pathways of

lipid metabolism and the citric acid cycle are localized to the mitochondrial
interior. Most of the enzymes and structural elements (-98%) of the

mitochondrion are encoded by nuclear DNA, synthesized in the cytosol as
precursor proteins, and imported into the mitochondrion via a complex protein
import machinery (See Figure 1). Precursor proteins have a 10 to 70 amino acid
presequence which directs them to the mitochondrion (1). This leader sequence
is removed by the processing machinery once the precursor has been imported

into the mitochondrial matrix (2). Depending on this leader signal sequence, and
additional internal amino acid signals, the precursor proteins are directed to one

of four distinct components of the mitochondrion: the outer membrane, the
intermembrane space, the inner membrane or the internal matrix space.
Investigations within the past decade have been successful in identifying many

of the specific components and mechanisms involved in mitochondrial protein

translocation and assembly (Figure 1). It has been established that cytosolic
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chaperone proteins maintain precursor proteins in a loosely folded, “import
competent” conformation and facilitate targeting of the precursor to the

mitochondrial surface receptors (3, 4). Though no sequence homology is

evident between the various leader sequences, they are invariably rich in
positively charged and hydroxylated amino acids (5). The leader sequence is

recognized by a protease sensitive receptor on the outer mitochondrial
membrane (6). Two translocase complexes, one associated with the outer, and
one with the inner, mitochondrial membranes (translocase outer/inner

membrane, TOM and TIM respectively) are responsible for carrying out the

sorting and importation of precursor proteins (for reviews see 7, 8). The TOM
complex of both Neurospora crassa and Saccharomyces cerevisiae is composed
of seven proteins, and the TIM complex of about nine proteins. Yeast mutant
studies and protein import studies using isolated mitochondria have elucidated

the specific role for many of the individual protein components of the TOM and

TIM complexes. For instance, two outer membrane proteins of Neurospora with
molecular weights of 19 kDa (TOM20) and 72 kDa (TOM 70) have been shown

to recognize and bind the precursor presequence (9). The 57 kDa mitochondrial
processing peptidase (MPP) of Neurospora, and a 52 kDa homologue in

Saccharomyces cerevisiae have been identified, and found to cleave the NH
terminal presequences of matrix localized mitochondrial proteins (10, 11). The

essential role of the heat shock proteins hsp 60 and hsp 70 in protein import has

also been demonstrated, as they have been found to mediate correct protein
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folding and in many cases provide the driving force of precursor protein

translocation (12, 13).
Variations exist in the mechanisms for recognizing, localizing and folding
the wide array of precursor proteins which the mitochondrion imports. The

energy requirements for the import of various proteins vary; with matrix ATP,
cytosolic ATP, and an electron gradient across the inner membrane being

required to differing degrees depending on the final localization and specific
mechanism of import of the individual mitochondrial protein. Indeed at least one
mitochondrial protein has been reported to bypass the translocation machinery

entirely in that it does not require the TOM complex, membrane potential or ATP
hydrolysis for import (14). Precursor protein import into the mitochondrion clearly
represents a complex and highly ordered cellular system which involves the

interplay of a wide array of protein components.

4

Figure 1

Schematic illustration summarizing the current knowledge concerning

pre-protein transport by the mitochondrion. Multiple pathways exist for protein
import depending on the class of pre-proteins and the final localization of the

mitochondrial targeted protein. Cytosolic chaperone proteins (MSF, Ydj1) and

heat shock proteins (ct Hsp70) facilitate recognition of mitochondrial pre-proteins

and help to maintain these polypeptides in a denatured "import competent
conformation". The TOM 22-TOM 20 complex specifically recognizes the leader

sequence of most pre-proteins. The remainder are believed to be initially

recognized by the TOM 37-TOM 70-TOM 71 protein complex, whereupon they
are passed to the TOM 22-TOM 20 complex. The TOM 40-TOM 5-TOM 6-TOM
7 protein complex is involved in forming the translocation channel through which

the proteins are passed across the outer membrane (OM) into the
intermembrane space (IMS). Some proteins destined for the OM and IMS are

directly released from this complex, others are imported to the matrix and then
exported across the inner membrane (IM) to their correct sites of localization.
Proteins targeted to the IM and matrix reversibly pass their leader

sequence across the OM where it transiently associates with the trans site of the
TOM complex. The leader sequence is then recognized by the TIM 17-TIM 23

complex of the inner mitochondrial membrane. The pre-protein is "pulled" across
the IM in membrane potential (T)-dependent fashion by the IM protein

translocation machinery. The ATP-dependent interaction of the pre-sequence
with “chaperone-like" matrix factors (TIM 44, mtHsp 70, Mge 1) insure that this

translocation is unidirectional. Once in the matrix space the leader peptide is

proteolytically cleaved by the mitochondrial processing peptidase (MPP) and the

correct folding of the enzyme/protein is mediated by one or a combination of
matrix chaperone proteins (Hsp 60, Cpn 10, mt Hsp 70, Mdj1, Mge1, and Cyp).

The putative mitochondrial export machinery (MEM) may facilitate the insertion
of mitochondrial encoded proteins to the inner membrane and intermembrane

space.
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Baculovirus Expression System

The baculoviruses have proven to be among the most robust and versatile
expression vectors available. The most commonly used baculovirus strain is the

Autographa californica Nuclear Polyhedrosis Virus (AcNPV). The entire genome

of this strain has been recently mapped and partially sequenced (15).

Expression levels rival those of the E. coli. expression systems, with many of the

post-translational modifications of expressed protein occurring in Sf-9 cells, but
not in E. coli.

The infectious cycle of the AcNPV virus has been well characterized.

Once infectious particles enter insect cells, the viral DNA is uncoated in the
nucleus, and DNA replication begins within 6 hours post-infection (pi.). Two

types of infectious particles are released from infected cells, the extracellular
virus particles (ECV) and the occluded virus particles (OV). Early in the infection

process the infected cell begins to release ECV, essentially buddings of the cell
membrane which contain nucleocapsids. Later in the infection cycle the

occluded virus particles are assembled within the nucleus and released by lysis
of cells. These particles consist of nucleocapsids embedded in a dense
polyhedrin protein matrix. In their natural environment, these OV particles are

responsible for passage of virus from insect to insect. However, in cell culture

conditions, the less ruggedly constructed ECV particles are adequate for
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propagation of the virus. The first ECV particles are detectible within 10 hours

after infection of cells, while the OV begin to develop at 2 days pi. and continue

to accumulate, reaching maximum levels at 5-6 days pi. (Figure 2).
The polyhedrin protein (MW 29 kDa), which is the majority component of
the OV particle, accumulates to very high levels (30-50% of the total insect cell

protein) in the late phases of the infection cycle. The key feature of the

baculovirus life cycle which allows it to be exploited as an expression system is
that the polyhedrin protein/OV particles are not necessary for the propagation of

the virus in cell culture. This makes it possible to construct a viable recombinant

baculovirus in which the coding sequence of the polyhedrin protein has been
replaced by the gene of interest. Thus the robust expression of this gene is
achieved, which usually results in high levels and the temporal appearance of

recombinant product which closely parallel wild type virus expression of the

nuclear-localized polyhedrin protein (Figure 2).

In the present case, the full -

length coding region of precursor human manganese-dependent-superoxide-

dismutase was cloned into the polyhedrin promoter construct.

The particular usefulness of the baculovirus expression system derives

from the many post-translational processing events and modifications which
have been found to occur in Sf-9 insect cells. Some of the post-translational
modifications which have been reported to occur in this expression system

include: N-terminal blocking, phosphorylation, glycosylation (N- and O-linked),

prenylation, disulfide bond formation, and correct localization to the targeted

k
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Figure 2

Schematic representation of the temporal expression of a

recombinant protein driven by the polyhedrin promoter. For the
majority of proteins driven by the baculovirus expression system,

recombinant product is first detected 2 days pi., increases
dramatically at 3 and 4 days pi., and begins to level off at around 5
days pi. To assess a condition or treatment for its effects on
precursor processing, cells are treated during the 2-4 days pi.

period in which the majority of precursor protein is synthesized and
processed.
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cellular compartment (15). Concerning the expression of precursor hMn-SOD,
the post-translational event of paramount interest was, of course, the ability of
the Sf-9 mitochondria to convert the precursor to mature form hMn-SOD.

The expression of human aldose reductase enzyme provides an example
of N-terminal modification reported to occur in Sf-9 insect cells. When expressed

in the baculovirus system this enzyme is found to have an acetyl-alanine as the
N-terminal amino acid (16). This N-terminal amino acid modification is seen in

“authentic” aldose reductose enzyme purified from mammalian lens.

Numerous examples show that phosphorylation and glycosylation of
recombinant proteins expressed in the baculovirus system occur at appropriate

sites (17, 18). In general, insect cells have been found to be successful at serine
and threonine phosphorylation, especially in the early stages of infection, but
tend to become overwhelmed in the later stages of infection. Glycosylation of
recombinant proteins expressed in insect cells is known to occur at both the

asparagine (N-linked) and serine/threonine (O-linked) residues. Baculovirus-

produced influenza virus protein (17) was found to contain both endo-H

sensitive and endo-H resistant N-linked oligosaccharides. The study by Kuroda
et al. is one of a few which offered an in depth comparison between the

oligosaccharides of baculovirus-produced and vertebrate-produced protein (17).
The endo-H sensitive sites were found to consist of Man5.9 Glc NAc2 structures.
The endo-H resistant sites consisted of two basic structures: Man3 Glc NAc2
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with and without a fucose group attached to the Glc NAc2 group closest to the

protein. The two major conclusions regarding baculovirus N-linked glycosylation
derived from these studies were: 1) The insect cell system recognizes the same
sites as are recognized by the vertebrate cell system.

2) The modification of the

oligosaccharides in insect cells involves mannose trimming and fucosyl transfer,
but not complex additions involving galactose or sialic acid.

The most comprehensive study of O-linked glycosylation in baculovirus
infected cells was done with the pseudorabies virus glycoprotein (PRVp) (18). A

comparison between PRVp isolated from mammalian and insect cell sources

showed that while mammalian derived PRVp contained only the disaccharide

Gaipi-3GalNAc with and without two sialic residues attached, the insect derived
protein contained mostly the monosaccharide, Gal NAc, with only low amounts of
the disaccharide Gal pi-3 Gal NAc (10-25%). None of the sialic acid was found
on the insect-derived recombinant protein. It was concluded that while O-linked

glycosylation is found to occur in insect cells, the product is similar, but not
necessarily identical, to the mammalian counterpart.
Several modifications of protein with lipid moieties have been reported to

occur in the baculovirus system. Roberts and Faulkner (1989) report that two

wild type virus structures are labeled by the addition of either [3H] palmitic acid or
[3H] myristic acid to cultures of infected insect cells (19).

These modifications

were analyzed and found to be non-thio type ester linkages of palmitic acid.

That this modification was found when myristic acid was used as the label
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demonstrated that insect cells were elongating the fatty acid before it was used
as an acyl donor. A number of investigations have also reported myristoylation

of heterologous gene products in the baculovirus system (20, 21, 22).
The correct subcellular localization of proteins is generally seen with

recombinant proteins expressed in the baculovirus system. Mammalian
endoplasmic reticulum targeting sequences have been found to lead to proper
endoplasmic reticulum localization of expressed proteins (23).

Secreted

proteins such as tissue plasminogen activator (tPA) are efficiently processed and
secreted by Sf-9 insect cells (24). Even plant-derived secretion signal

sequences have been reported to be correctly cleaved, and the protein properly
secreted, in the baculovirus expression system (25). Reports indicating the
correct localization of baculovirus generated protein, whether to the plasma

membrane, endoplasmic reticulum, nucleus, or externally secreted are

numerous. Several mitochondrial-localized proteins have been expressed using
the baculovirus system. Mitochondrial glycerol-3-phosphate acyltransferase, 3

beta-hydroxy-5-ene-steroid dehydrogenase and yeast ferrochelatase enzymes

were reported to be correctly processed and localized by Sf-9 insect cells (26,
27, 28).

Not ail mitochondrial localized proteins are correctly processed by

insect cells. In the case of overexpressed ornithine transcarbamylase, it was

found that the enzyme was inactive and novel processing products were present
(29). In the present case in which mitochondrial human Mn-SOD was

expressed, Sf-9 cells were found to correctly process and localize the high

I
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amount of recombinant protein produced by infection with recombinant

baculovirus.
The Superoxide Radical and

Manganese-Dependent Superoxide Dismutase Enzyme

The biological importance of superoxide radical has attracted much
interest in recent years. This toxic species is ubiquitous in association with

cellular respiratory activities, and it has been implicated in a number of
pathological conditions such as hypertension, arteriosclerosis, familial

amyotrophic lateral sclerosis, and ischemic reperfusion injury (30, 31, 32, 33).
To protect against these potentially harmful reactive oxygen metabolites, aerobic

organisms have evolved a multilayered defense. This system includes the

antioxidant enzymes superoxide dismutase, glutathione peroxidase, and

catalase. In addition to these enzymes, there exist numerous endogenous
antioxidant substances that are present in the cell and extracellular environment.

A short list of the non-enzymatic antioxidants which are thought to be important
include: ascorbic acid, a-tocopherol, uric acid and ceruloplasmin (34).

In mammals, four discrete superoxide dismutase enzymes have been
described: a Cu, Zn-dependent enzyme which is localized in the cytoplasm, an
extra-cellular Cu, Zn-dependent enzyme, a Mn-dependent mitochondrial enzyme

and a recently discovered Mn-containing glycosylated version which is
associated with the osteoclast plasma membrane (35, 36, 37, 38). Together,
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these proteins represent a compartmentalized defense against the diverse

cellular processes that generate superoxide.
Sources of cellular superoxide include the NADPH oxidase enzyme,
arachidonic oxidase, and the mitochondrial electron transport chain (39). The

electron transport chain is considered the primary cellular source of oxygen
metabolites under most conditions. Thus the mitochondrial localized Mn-SOD
enzyme (EC 1.15.1.1) occupies a key position in the defensive system which

protects the cell from the deleterious effects of these reactive species by
catalyzing the following reaction (35):

O2‘- + O2’- + 2H+

HOOH + O2

The electron transport chain produces superoxide through the incomplete
reduction of oxygen. Even under basal conditions it has been estimated that as
much as 2-3% of the oxygen consumed by the cell is incompletely reduced so
that superoxide is produced (40). Hyperoxic conditions have been shown to

lead to dramatically increased production of oxygen radical metabolites by the
electron transport chain (41, 42). Ischemia followed by reperfusion has also

been shown to result in a “burst” of mitochondrial superoxide generation which is
thought to be a major component of its damaging effects (33). Not only is the
mitochondrion a primary source of these oxidizing species, but it is also a

vulnerable target for attack by superoxide and its metabolites. The mitochondrial
DNA is in a loosely folded, more accessible conformation for attack compared to
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nuclear DNA, and the mitochondrion lacks the efficient DNA repair mechanisms
which are found in the nucleus. The idea that the mitochondrion is an early and

susceptible target for oxidative damage is supported by numerous studies which
have shown mitochondrial dysfunction, lowered ATP production, mitochondrial
calcium precipitation, and mitochondrial DNA damage are hallmarks of oxidative
insult to cells (43, 44).

While Mn-SOD represents only -15-25% of total cellular superoxide

dismutase, its activity and localization assure it a key role in the cellular
antioxidant defense. Interestingly, it has recently been proposed that Mn-SOD

may represent a “tethered” antioxidant enzyme. Based upon the finding that Mn-

SOD is associated with mitochondrial DNA, and the nonspecific binding of the
Mn-SOD enzyme to unrelated DNA sequences, it was proposed that the enzyme
may confer preferential protection to the susceptible mt DNA (45).
Besides the direct action of superoxide on various cellular systems it also

gives rise to potent oxidizing species, which interact with varying degrees with
cellular components to produce a complex and varied cellular insult. While

superoxide can exert deleterious effects through direct attack of cellular targets,

by-products such as the peroxynitrite anion and the hydroxyl radical mediate
some of the most harmful effects. Superoxide and NO react to form the highly

oxidizing species peroxynitrite anion (46). In addition, the potent and deleterious
oxidizing species, hydroxyl radical (-OH), is generated when superoxide is
present, via the metal-catalyzed Haber-Weiss reaction shown below:
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Fe (III) + O2’-

Fe (II) + HOOH

Fe (II) + O2

Fe (III) +-OH + OH'

with a net reaction of:

HOOH + O2‘-

O2 + -OH + OH'

The hydroxyl radical is extremely reactive, reacting with virtually any biological

molecule in an almost diffusion-controlled rate. Because of its highly reactive

nature, the hydroxyl radical is believed to be the primary mediator of

superoxide’s toxic effects, especially in the presence of free iron and H2O2 (for
review see 47).

The Mn-SOD enzyme is a key component of the cellular antioxidant
defense. Its strategic localization at the site of cellular oxygen consumption, the

mitochondrion, and the suggestion that it is a tumor suppressor (48), has spurred
many investigations into its transcriptional regulation. In contrast to the cytosolic

Cu, Zn-containing SOD, which is constitutively expressed, the Mn-SOD gene is
highly inducible and displays a broad range of expression levels. It has been

found that Mn-SOD is induced by various cytokines both in vitro and in vivo.

Increased Mn-SOD mRNA and/or protein expression has been documented after
treatment with tumor necrosis factor-a (TNF-a), interferon-y (INF-y), interleukin-1,
interleukin-6, and endotoxin (49, 50, 51, 52). Hyperoxia and irradiation, both
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known to cause increased cellular superoxide production, are also found to

induce Mn-SOD mRNA expression (53, 54).
Lung tissue, because of its function in O2 gas exchange, is a tissue where

the Mn-SOD enzyme is thought to play an important role in antioxidant

protection. Transgenic animals that overexpress Mn-SOD have been shown to
be protected from oxidative stress, surviving longer in a >95% oxygen
atmosphere than animals with normal levels of Mn-SOD (55). The selective

induction of Mn-SOD levels, achieved with tracheal insufflation of TNF or IL-1,

has also been shown to increase survival time of rats exposed to hyperoxic

conditions (56, 57, 58).
While, in general, the induction or overexpression of Mn-SOD is found to

increase cellular resistance to oxidative damage, some studies have found that

increased Mn-SOD levels lead to a sensitization of cells to oxidative stress (59,
60, 61). The mechanism for these paradoxical results is unclear, but it is likely to

involve an imbalance in the H2O2 scavenging antioxidants glutathione peroxidase

and catalase. This points to the importance of a coordinated and balanced
antioxidant defense system if cellular protection from harmful reactive oxygen

species (ROS) is to be effective.
Rats exposed to >95% oxygen atmosphere develop profound lung edema

and pleural effusion, which leads to death by about day 3 of treatment. The
mitochondrial production of superoxide is thought to contribute to a large
component of this injury. Mitochondrial dysfunction is shown to correlate closely
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with damage of cells exposed to hyperoxic conditions, with the inactivation of key

mitochondrial enzymes, a fall in cellular O2 consumption, and decreases of

cellular ATP levels (43, 62, 63). The mitochondrial damage sustained in the face

of hyperoxic conditions is likely to represent the primary component of cellular

injury. Hence great interest has focused upon the status of the mitochondrial
antioxidant systems during oxidative challenges.

In the rat, Mn-SOD mRNA

levels were found to increase 3-fold in the lungs of animals exposed to an

oxygen (>95%) atmosphere. In contrast, Mn-SOD activity levels were seen to

drop -50% in the same time frame that the mRNA levels were found to increase
(see Table I). The effect appeared to be selective to the Mn-SOD enzyme, as

Cu, Zn SOD (mRNA and activity) levels were unaffected, while catalase
and glutathione peroxidase levels were found to increase in response to the

hyperoxic atmosphere. It was concluded from these studies that an

undetermined post-translational block of Mn-SOD’s functional expression was
occurring with hyperoxia treatment (64). The key role of Mn-SOD enzyme in

antioxidant defense was also implicated by virtue of decreases in its activity
correlating with the profound cellular dysfunction and lung tissue damage.
Pertussis toxin (PTX), an endotoxin of Bordetella pertussis, is commonly

used experimentally to block G-protein activation. By catalyzing the transfer of

ADP-ribose from cytoplasmic NAD to heterotrimeric G-proteins, PTX prevents

their interaction with the appropriate plasma membrane receptors (for review see
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65). Pertussis toxin (PTX) poisoning has long been known to cause the
symptoms of gross lung tissue damage similar to those found in rats which have
been exposed to hyperoxic conditions. Suggesting a potential mechanism for the

observed lung dysfunction, intra-peritoneal injection of PTX was found to result
in -50% decrease in Mn-SOD activity levels despite a two-fold increase in Mn-

SOD mRNA levels in rat lung tissue (see Table I). The decrease in observed

Mn-SOD activity correlated with development of lung edema, pleural effusion
formation, and biochemical evidence of lung toxicity. Treatment of rats with PTX

was also shown to aggravate the harmful effects of hyperoxia exposure on the
lung tissue of rats. The effect of PTX on Mn-SOD activity was found to be
selective, in so far as the activity and mRNA levels of Cu, Zn-SOD, catalase, and

glutathione peroxidase were unaffected by this treatment. From these studies
the authors concluded that it was likely that the lower Mn-SOD activity was, in

effect, resulting in oxygen toxicity even at the concentrations of oxygen found in

a normal atmosphere. They speculated that the post-translational decrease in
Mn-SOD activity could “reflect a decreased rate of Mn-SOD synthesis, an
increased rate of degradation/inactivation of the enzyme, a failure of activation of

the enzyme, or a combination of these events” (66). They also speculated that
the post-translational decrease in Mn-SOD activity “could be due to a defect in
the transport or entry of the protein into mitochondria where it is activated”. The

possible involvement of the G-protein second messenger system in the post-

translational regulation of Mn-SOD expression was also suggested by these
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studies.
The herbicide 1, T-dimethyl-4, 4'-bipyridylum dichloride, commonly

referred to as paraquat, is known to display profound lung toxicity. It has been
reported that paraquat treatment results in mitochondrial dysfunction and
cytoplasmic vacuolization in lung cells (67, 68, 69). The effects of paraquat on

lung antioxidant enzyme levels have not been comprehensively studied, but one
report indicates that total SOD activity is decreased by -25% in the lung tissue of

paraquat-poisoned rats (70). This study did not discriminate between Cu, Zn-

and Mn-SOD activity or determine the mRNA levels of Mn-SOD in the paraquattreated animals. However, given the relative stability of Cu, Zn-SOD levels found
under a variety of cellular conditions, it is tempting to speculate that the decrease

of SOD activity may be confined to Mn-SOD enzymatic activity. Because MnSOD activity only represents 5-25% of total cellular SOD activity, the reduction of

total SOD levels observed following paraquat poisoning would represent a
complete ablation of Mn-SOD activity if one assumes that Cu, Zn-SOD activity

remains unchanged. Clearly further study is necessary to define the status of
the antioxidant system following paraquat exposure in vivo.

In relation to the other tissues in the body, the lung represents tissue
which is chronically exposed to relatively hyperoxic conditions . From this

perspective it would be expected that treatments or conditions which would affect

the ability of cells to handle oxidative stress would manifest their effects most

profoundly in lung tissue in vivo. The demonstration that several treatments
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which are associated with lung toxicity seem to induce a post-translational block
in the functional expression of Mn-SOD, coupled to the observation that this
seems to be selective, in that the other antioxidant defense enzymes are largely

unaffected, would suggest more than a casual link between lower Mn-SOD
activity and the observed lung dysfunction. Indeed higher Mn-SOD levels,

achieved by ectopic expression in transgenic animals or via induction with
cytokines, has been shown to protect lung tissue from oxidative insult in a

number of investigations (55, 56, 57, 58).

This directly demonstrates the critical

importance of Mn-SOD activity in antioxidant protection, especially in the lungs.
It also emphasizes the importance of the apparent post-translational block of Mn-

SOD activity in the pathological manifestation of oxidative stress-related lung

toxicity. The effects of a post-translational downregulation of Mn-SOD activity on
less oxidatively challenged tissue than the lung is unclear, but the recent

demonstration that Mn-SOD functions as a tumor suppressor suggest another
role for Mn-SOD in addition to its antioxidant activity. The finding that Mn-SOD

levels are lower in a wide variety of tumor cells as compared to their nonmalignant counter parts first suggested Mn-SOD as a potential tumor suppressor

(for review see 71).

More recently Mn-SOD has been directly shown to operate

as a tumor suppressor in studies where experimentally elevated Mn-SOD levels

resulted in inhibition of tumor growth and metastasis (72, 73, 74). The
mechanism by which Mn-SOD affects cell growth and differentiation is unclear,

but it may involve the production of H2O2. While Mn-SOD is generally thought of
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as a superoxide scavenging enzyme it can just as easily be viewed as a
hydrogen peroxide generating enzyme. Mn-SOD’s localization in close proximity
to the major cellular source of superoxide, the electron transport chain, suggests

it as a significant source of H2O2. This, coupled to recent reports that show H2O2
modulates the activity of AP-1, NF-kB, v-myb, and p53, all important regulators
of cell proliferation, suggests several ways in which Mn-SOD might affect cell

physiology of growth and differentiation (75, 76, 77, 78).
Taken together the information regarding the Mn-dependent superoxide

dismutase enzyme suggests a multi-faceted role for this enzyme. Evidence
which points to Mn-SOD as a tumor suppressor and negative regulator of cell
proliferation would seem to suggest a more general role for the Mn-SOD enzyme

in cell physiology other than that of a strict antioxidant.

The vigorous induction

of Mn-SOD by a myriad of cytokines and cellular stimulations would suggest a
key role for this enzyme in inflammation responses. On the other hand,

compelling evidence demonstrates the critical position which Mn-SOD occupies

in the cellular antioxidant defense apparatus, especially within the lung tissue.
Future studies will be necessary to determine the precise roles of the inducible

Mn-SOD enzyme in the protection and regulation of cellular function.
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Multiple Conductance Channel and the Translocational
Machinery

Several ion channel activities have been identified on the inner and outer

mitochondrial membranes. One of these channels has a peak conductive state
of 1-1.5 nanoSiemen and exhibits multiple conductance states depending upon

membrane polarization (79, 80). This channel has been found to be calcium
activated and is slightly cation selective. A recent report by Lohret and Kinnally
has shown that mitochondrial presequences transiently block this multiple

conductance channel (MCC). These researchers concluded that the MCC

activity represents the protein pore through which mitochondrial proteins are
imported (81).
The electrical activity of this channel was first described in 1989 (82).
The activity of this channel has been studied with great interest because it has

been shown to be responsible for the observed phenomenon termed
“mitochondrial permeability transition” (MPT) (83). MPT is essentially a sudden

shift in the permeability of the mitochondrial inner membrane for solutes of <■
1500 kDa which is induced with a combination of high ionic Ca~ and one of a

variety of so-called ‘inducing’ agents [e.g., inorganic phosphate, menadione, tert
butyl hydroperoxide (for review see 84)]. Studies into factors which affect the

artifactual channel activity of this permeability transition pore (PTP,
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interchangeable with MCC) have elucidated many substances which interact

selectively with the complex (see Table 2). For instance it has been reported
that Cyclosporin A (CsA) potently blocks the MCC channel activity, although the

inhibitory action of CsA has been shown to operate acutely and is lost with a

short time frame (-15 min) (100). The benzodiazepine class of compounds have

also been shown to affect the channel activity of the MCC, leading to the

suggestion that the peripheral benzodiazepine receptor may be a component of
the MCC protein complex, or closely associated with it (99).

Benzodiazepines are a class of clinically effective drugs used as
hypnotics and anxiolytics. These compounds have been found to bind two

specific receptor subtypes; a so called ‘central receptor’ found in the central

nervous system and the peripheral-type benzodiazepine receptor which is found
widely distributed throughout the tissues of the body. The pharmacological

hypnotic and anti-anxiety effects of these compounds is mediated exclusively by
the central benzodiazepine receptors which are associated with the type A y-

aminobutyric acid receptor (101).

The peripheral-type benzodiazepine receptors (PBzR) are associated with
the mitochondrial membrane and have not been ascribed a definite physiological

function. Several ligands which bind the PBzR with preference over the central
benzodiazepine binding sites include: Ro5-4864, PK 11195 and the

endogenously found protoporphyrin IX (102). These PBzR ligands have been
described as stimulating mitochondrial steroid synthesis and monocyte
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Notes:

References

Matrix [Ca+]

High calcium is a prerequisite for MPT or MCC
channel activity.

(85)

Acyl CoA

Found to induce MPT in conditions of high
calcium and partial membrane depolarization.

(86)

Fatty acids

Inducer of MPT. Are also thought to directly
interact with pore, increasing sensitivity to
depolarization.

(87, 88)

Redox conditions (pro
oxidants, antioxidants)

Redox modulation of MPT probability of
opening when induced by inner mitochondrial
membrane depolarization. Oxidation of key
sulfhydryl residues on the permeability pore
leads to a greater sensitivity of the pore to
depolarization.

(89, 90,91,92,
85)

ADP (ATP)

Modulate probability of pore opening by
lowering the sensitivity of pore opening to most
inducing conditions.

(93)

Carnitine

Inhibitor of MPT.

(94)

SH-reducing agents

Inhibitors of MPT.

(95, 96, 86)

Cyclosporin A

Potent and selective inhibitor of permeability
transition.

(97)

pH

A pH >6 or <8 inhibits permeability transition
induction.

(98)

Peripheral
Benzodiazapine
Receptor Ligands (eg.
PK-11194, Ro5-4864,
and PP1X)

Modulate probability of pore opening by
lowering the sensitivity of pore opening to
inner-membrane depolarization.

(99)

Table II. Several factors reported to influence MCC and PTP activity. For complete list
and thorough discussion, see review by Zoratti et al. (84).

T1

chemotaxis through undefined mechanisms (103, 104). The finding that the
MCC activity is linked to PBzR by the actions of the Ro5-4864 and PK11195

ligands may lead to an explanation of the biological actions of the compounds.
In summary, the recent suggestion that MCC activity is an artifactual byproduct
of the mitochondrial import apparatus (81) and that MPT is a dysfunctional
opening of the import complex sheds a new light on the previous work exploring

factors which influence the MPT phenomena. This suggests that compounds

found to influence MCC channel activity in electrophysiological patch clamp and
mitochondrial permeability transition studies may, in turn, exert some effect on
the physiological operation of the mitochondrial protein import channel.

Summary

A paucity of information exists concerning factors that may influence the

mechanism by which mitochondria import and process mitochondrial precursor
proteins. Can this process be selectivly compromised? Is mitochondrial protein

import regulated at some level? These are some of the fundamental questions
which have not been addressed by previous studies. Here we describe a model
which allowed us to begin exploring several factors which might influence this

parameter of cellular function. Two broad areas of study have provided clues as
to factors which might influence the processing of mitochondrial precursor
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proteins. First, studies into the antioxidant enzyme status of lung tissue during
oxidative stress have identified a selective post-translational down regulation of

the level of mitochondrial Mn-SOD enzyme. This lowered expression was

hypothesized to be due to a failure of the mitochondrion to take up and activate
the precursor enzyme. Thus a lesion, induced by oxidizing conditions, in

mitochondrial processing was suggested. The second body of work of interest

involves studies focusing on factors that modulate or influence the MPT
(mitochondrial permeability transition) phenomena. The recent suggestion that
the mitochondrial permeabilty transition pore and the mitochondrial precursor

import apparatus are one and the same (81) provides a wide selection of agents
and conditions that have been shown to affect this channel under nonphysiological conditions (Tablell). In this study we have exploited the unique
characteristics of the baculovirus expression system to evaluate factors and

conditions which were indirectly implicated as having potential influences on the
processing of immature mitochondrial precursor proteins. Indeed the expression

of mature Mn-SOD was found to be heavily influenced by cellular redox
conditions, with paraquat and hyperoxia treatments inhibiting, and the reducing

agent DTT stimulating, mitochondrial processing of precursor Mn-SOD. These
results have implications concerning the functional expression of mitochondrial

proteins, which may be especially relevant to the cellular response to
pathological oxidizing conditions, because increased Mn-SOD activity represents

a critical component necessary for the defense against such insults.

1
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Materials and Methods

hMn-SOD-Expressing Baculovirus Construction (see Fig. 3)

A pBluescript plasmid containing the full-length cDNA coding sequence
for hMn-SOD was provided by S. L. Church (Washington IL, St Louis). The

baculovirus transfer vector pVL1393, purified linearized Baculo Gold™ DNA, and
SF-9 insect cells were purchased from Pharmingen (San Diego, CA). An 830 bp

fragment of DNA containing the coding region of precursor hMn-SOD was
excised by digestion of the parent pBluescript vector with EcoRI and Pstl

followed by electrophoretic separation on a 1.2% low melting agarose gel.

The

transfer vector pVL1393 was digested with EcoRI and Pstl and directional
cloning was performed using the rapid cloning method of Sambrook et al. (106).

The 830 bp fragment was visualized by staining the agarose gel with 0.5pg/ml

ethidium bromide in ddH2O. Approximately 50|il of gel containing the band of
interest was excised and mixed in a 1:1 ratio with the linearized PVL1393 DNA

fragment. These samples were heated to 70°C for 10 minutes with mixing. The
mixture was allowed to cool to 37°C and 2X bacteriophage T4 DNA ligase

mixture (0.1M Tris-HCI pH 7.6, 10mM MgCI2, 20mM DTT, 1mM ATP, and 0.01
Weiss units/ml of Bacteriophage T4 DNA ligase enzyme) was added to the
agarose solution in a 1:1 ratio. This solution was allowed to harden and the
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Figure 3

Schematic representation of the cloning procedure used for

generating Mn-SOD-AcNPV recombinant virus. Unique restriction

sites are indicated for the pVL1393 transfer vector and precursor
hMn-SOD cDNA as shown. Complementary end ligation of the

coding region of the precursor hMn-SOD cDNA into the transfer
vector was performed. This transfer vector was co-transfected with

linearized Baculo Gold™ DNA, producing recombinant precursorhMn-SOD-expressing baculovirus through non-homologous

recombination.
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pellet was incubated overnight at 16 °C. This mixture was melted at 70°C for 5
minutes and 5pl was added to 200ul (~107 bacteria per ml) of competent E. coli.,

whereupon the mixtures were allowed to incubate for 30 minutes on ice. An
aliquot of 800pJ of Luria broth (LB) media was added to these mixtures and
incubated at 37°C for 1 hr. The bacteria (200pl) were plated on Ampicillin-(50
pg/ml) containing LB agarose plates. After 16 hr. at 37°C several hundred

individual ampicillin resistant colonies were present Eight colonies were picked

and grown up in 10ml of 50}ig/ml ampicillin-containing LB media. Five milliters of
this E. coli suspension was pelleted and plasmid DNA was isolated using

Promega’s Magic Miniprep Kit®. Purified Plasmid DNA (~1pg) was digested from

these samples with Pstl, EcoRI, and Pstl and EcoRI concurrently, and
electrophoretically separated on a 1.2% agarose gel. The appearance of DNA

bands of the appropriate size were used to gauge the successful ligation of the

coding region of Mn-SOD into the pVL1393 baculovirus transfer vector. The E.

coli harboring the correctly constructed hMn-SOD-transfer vector were grown up

in 100ml Ampicillin LB media at 37°C overnight, and ~200p,g plasmid DNA was
isolated from this culture for subsequent virus production. Recombinant virus

was generated by calcium phosphate cotransfection of Sf-9 cells with the newly
cloned transfer vector (5pg) and Baculo Gold linearized DNA™(10pg).
DNA quantitation was performed via spectrophotometric measurements at
260 and 280nm wave lengths. 60mm tissue culture dishes containing Sf-9 cells
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in log phase growth were overlaid with 1ml Grace’s medium containing 10%
FCS. Transfection buffer (125mM Hepes, pH 7.1, 125mM CaCI2, 140mM NaCI,

+ 5pg of the new cloned transfer vector and 10pg Baculo Gold linearized DNA)
was added dropwise until a fine calcium phosphate precipitate was observed.
The cells were allowed to incubate for 4 hours, washed and placed in standard

Grace’s medium. This recombinant hMn-SOD-AcNPV virus-containing cell

supernatant was collected and through 2 successive rounds of plaque picks a
homogenous recombinant virus was obtained. This viral solution was amplified

and titered using the end point dilution assay.

Electron Microscopy
Sf-9 cells were harvested by centrifugation at 500xg for 5 minutes at 4

days pi. The cell pellets were suspended in 1.2% agarose in phosphate buffered
saline, pH 7.4 (PBS, 0.137M NaCI, 2.7mM KCI, 4.3mM Na2HPO4, 1.47mM
KH2PO4) at 42°C and allowed to gel. The agarose pellet was minced and all

subsequent fixative and infiltration steps were performed on these pieces.

Preparation of ultrathin specimens for Transmission Electron Microscopy (TEM)
observation was as previously described (105).

Primary fixation was for 20

min. at 25°C in an aqueous solution of 2.5% glutaraldehyde and 1%
paraformaldehyde buffered by 0.1M sodium phosphate buffer, at pH 7.2.
Secondary fixation was carried out using 1% osmium tetroxide in 0.05M sodium
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phosphate buffer, pH 7.2 at room temperature for 3 hours followed by a rinse for
1h in several changes of phosphate buffered saline (PBS, pH 7.4). TEM

specimens were then en bloc stained overnight (12-16h) using 0.5% aqueous

uranyl acetate followed by a rinse for 1h in several changes of distilled water.
Specimens were dehydrated using a graded ethyl alcohol series (25%, 50%,

75%, 95%, 100%, 100%, 100%, 30 min each). Infiltration with Epon 812 epoxy
resin using a graded series was accomplished with 3 changes of 50%, 95%, and
100% resin with incubations of 2h, 2h, and 12h, respectively. Slow
polymerization of resin was accomplished by a 24h incubation at 47°C followed

by 48h at 60°C. Ultrathin sections (80-1 OOnm thick) were collected on collodion
gold-coated copper grids. Post-section staining using 0.5% uranyl acetate (25
min.) was followed by water rinse. The sections were then stained with 0.05%

lead citrate solution (15 min.), rinsed with 0.02N NaOH, and a final distilled water
rinse. Sections were observed and photographed using a HITACHI H-7000/H7100 transmission electron microscope at an accelerating voltage of 75kV and
100kV.

Plaque Purification

Two successive rounds of plaque picks were used to obtain pure
populations of recombinant virus (107). Sf-9 cells (7 x 106 cells/plate) were

seeded in 10cm tissue culture plates. Serial dilutions of virus transfection

I
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supernatants were added to the plates and allowed to incubate for 2 hours to
allow for infection. These cells were overlaid with 10ml of 0.8% low melting
agarose in Grace’s media which had been allowed to cool to 40°C. After 6 days

of incubation at 27°C numerous monoviral plaques were visible. Several of
these were removed with a sterile pipet and amplified to provide high titer pure

virus stock.

End Point Dilution Assay
Virus titer (infectious units per ml of media) was routinely measured using

the end point dilution assay (107). Serial dilutions (10^, 10’5, 10’5, 10’7, 10'8) of

viral solution were added to cells (5 x 103 cells/weil) grown in 96 well tissue

culture plates. For each dilution 10 wells were inoculated. At three days pi.,
wells were examined, and counted as infected or non-infected. The % wells
infected were used to calculate TCID50, or the dilution which would give a 50%

infection of wells which were inoculated, with the formula:
Log TCID50 = Log of the dilution giving response greater than 50% - (A-50)/A-B
where A is % response above 50% and B is the % response below 50%. The

final titer was converted to plaque forming units (pfu) using the relationship:
pfu = TOID^x 0.69

36
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE) and Coomassie Blue Gel Staining.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
of proteins was performed using standard techniques (108) . The polymerization
reaction was initiated in degassed acrylamide separation gel solution (15%

acrylamide, 0.09% N,N-methylene-bis-acrylamide (BIS), 0.1% SDS, 373mM TrisHCI, pH 8.7) and was poured into a prepared BioRad Protean IIsi electrophoresis
apparatus. A small amount of ddH2O was layered on this surface, and the
polymerization reaction was allowed to go to completion (~15min.). When the

separating gel had solidified, stacking gel solution was prepared (4.8%
acrylamide, 0.14% BIS, 0.1% SDS, 125mM Tris-HCI, pH 6.9) and polymerization

was initiated. The stacking gel was poured onto the separating gel, and the
appropriate size comb was inserted to provide wells within the solidified stacking

gel. Polymerization of both the separating and stacking gel solutions was
initiated with the simultaneous addition of 0.05% N, N, N’, N’-tetramethylethyene
diamine (TEMED) and 0.05% ammonium persulfate.

After the combs were removed, SDS running buffer (38mM glycine,

5.0mM Tris-HCI, pH 8.4, and 0.1% SDS) was added to the upper and lower
reservoirs. Protein samples which had been diluted in SDS sample buffer (10%
glycerol, 5% beta-mercaptoethanol, 62.5mM Tris-HCI, pH 6.8, 0.002%

bromophenol blue, and 2.25% SDS) and heat denatured (100°C for 5-10
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minutes) were pipetted into the wells within the stacking gel. The gel apparatus

was connected to an ISCO model 495 electrophoresis power source and
electrophoresis was carried out at 50 volts for ~ 16hr. Gels were removed from
the apparatus and either stained to visualize proteins or western blotted for

immuno-analysis of protein products.
Gels were stained for protein by bathing the gel in a solution of 0.2%

Coomassie Blue in 50% methanol and 7.5% acetic acid for 20 min. The
Coomassie Blue solution was then discarded and the background staining
removed by the addition of 50ml high methanol destaining solution (50%
methanol and 7.5% acetic acid) for 15 min. The high methanol destaining

solution was discarded and four subsequent 100ml changes (3-15h each) of a
low methanol destaining solution (5% methanol and 7.5% acetic acid) were
added. Gels were stored in low methanol destaining solution at 4°C or dried

using a BioRad Model 583 Gel Dryer.

Semi-dry Western Blotting

For western blotting the gel, blotting papers and nitrocellulose membranes
(Millipore, Bedford, MA) were equilibrated in Schafer-Neilson transfer buffer
(48mM Tris, 39mM glycine and 20% methanol) for at least 15 minutes. A

sandwich of extra thick (1.5mm) blotting paper, membrane, gel, and blotting
paper was assembled from bottom to top on the platinum electrode surface of
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the BioRad Trans-Blot SD Semi-dry Electrophoretic Transfer cell, taking care to

roll out air bubbles with each layer. The upper stainless steel electrode was
placed upon the sandwich and the transfer was run at 20 volts for 15-25 minutes

depending on the size of the gel. The blot was air dried and placed between

layers of blotting paper for storage.

Immunoanalysis

Three primary antibodies were used to detect recombinant hMn-SOD -a
mouse monoclonal antibody found to be specific for the N-terminus of the mature
Mn-SOD (109), a rabbit antiserum raised against a C-terminus peptide (110),

and a sheep-derived antiserum against the full length hMn-SOD enzyme which
was purchased from The Binding Site Company (Birmingham, UK). Because of
the robust binding displayed, the commercially purchased antibody was used for

all experiments other than the initial conformation of the presence of
immunoreactive hMn-SOD shown in Fig. 4. All other reagents were purchased
from Sigma Chemical Co. (St. Louis, MO) with the exception of non-fat dry milk
which was from Carnation Company (Glendale, CA).
Membranes were blocked in 5% lowfat dry milk in Tris buffered saline
(10mM Tris-HCI, 150mM sodium chloride, pH 7.4) with 0.05% Tween 20 (TBS-T)

for 1 hr. at room temperature on an orbital shaker. After blocking, blots were

washed briefly with TBS-T and placed in primary antibody solution [1% Bovine
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Serum Albumin (B8A) in TBS-T] with a 1:500 or 1:1000 dilution of primary
antibody solution for 1hr. This antibody solution was stored for periods of up to

two months at 4°C and used for up to 6 blots. Following incubation with the
primary antibody the blot was subsequently washed 2X for 15 min. each,

whereupon the second antibody solution containing the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody was added and allowed to

incubate for 1 hr. at room temperature. The blot was then washed 4X (15 min.

each) in TBS-T with vigorous shaking.
After the final wash the blot was drained of buffer and the excess liquid
was removed with tissue. ECU* (Amersham, Buckinghamshire, UK) detection

solution #1 was added to equal parts of detection solution #2 and the blot was
incubated for 1 minute at room temperature. The blot was gently shaken to

remove excess detection reagent and wrapped in Saran Wrap with the air
pockets gently removed. Under safe light illumination a Fuji x-ray
autoradiography film was exposed to the protein side of the blot for 15-90

seconds and developed using a Fuji RG11 x-ray film developer.

Cell Culture
Spodoptera fugiperda (Sf-9) insect cells were routinely maintained at
27°C in monolayer cultures. Grace’s medium was supplemented with 0.35 g/l
NaHCO3, 3.3 g/l yeastolate, 3.3 g/l lactalbumin hydrosylate and 10% Fetal Calf
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Serum (FCS). Cells were passaged every 3 to 4 days by plating ~1 x 106

cells/100mm tissue culture dish. Sf-9 cells were stored in freezing solution (20%
FCS and 10% dimethyl sulfoxide (DMSO) in Grace’s Medium) under liquid
nitrogen. To freeze, cells were placed in a -1 °C/min Fischer cell freezing

container at -70°C for 16hr., whereupon they were transferred to a liquid nitrogen
holding tank. Cell culture reagents were purchased from Gibco BRL
(Gaithersburg, MD) and the tissue culture plates were from Corning (New York,

NY).

Purification and Fast Protein Liquid Chromatography (FPLC) of

Recombinant hMn-SOD.
Purification of hMn-SOD was accomplished by exploiting the relatively

high temperature stability and basic charge of the antioxidant enzyme. To purify
hMn-SOD, cells were suspended in 20mM Tris-HCI, pH 8.0, and disrupted by

sonication. The sonicates were heated to 65°C for 5 minutes, and the

supernatant recovered by centrifugation. The supernatant was adjusted to pH
8.0, adsorbed to a monoQ® ion exchange column (Pharmacia, Uppsala, Sweden)

in FPLC and eluted with a continuous 20mM Tris-HCI, pH 8.0, to 1M Tris-HCI,

pH 6.9, gradient. The hMn-SOD eluted at ~80mM and was dialyzed against 20
volumes of 50mM sodium phosphate buffer (pH 7.4). This recombinant product

was concentrated by lyophilization and sequenced directly using Edman
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Chemistry on an Applied Biosystems 473A protein sequencer. The apparent

native molecular weight of recombinant hMn-SOD was determined via gel
exclusion chromatography. The purified hMn-SOD was run on a Superose 12
(Pharmacia, Uppsala, Sweden) column in 0.05M sodium di-phosphate buffer (pH

7.4), and the molecular weight gauged by elution time as compared to several
standard proteins of known size. The FPLC apparatus and columns were
purchased from Pharmacia (Uppsala, Sweden). The eluted proteins were

detected at 280nm wavelength and collected with an LKB Frac-100 fraction
collector.

Cell Viability Assay

Sf-9 Cells were gently pelleted (800 xg) and brought up in 1ml of PBS (pH
7.4). Three hundred microliters of this cell suspension was gently mixed with
700pl of trypan blue solution [0.2% w/w trypan blue in PBS (pH 7.4)]. The area
under the coverslip on the hemocytometer was allowed to fill via capillary action
with this cell suspension. The blue stained cells and the trypan blue excluding

cells were counted separately so that a % of the viable cells was obtained. The

number of cells per ml was calculated using the formula average count per

square (4 squares total) x dilution factor x 104. Cells were viewed by phase
contrast in an Olympus CK2 inverted microscope.
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Superoxide Dismutase Activity Assays
Superoxide dismutase activity was spectrophotometrically assayed as
originally described, with the exception that E.coli Mn-SOD was used to generate

the standard curve instead of the Cuprozinc Bovine version (111). The assay is

based upon the amount of inhibition of the superoxide-mediated reduction of
cytochrome c as monitored spectometrically. Superoxide is generated by the

addition of xanthine oxidase and xanthine to the reaction mixture. Superoxide
dismutase activity inhibits the reduction of cytochrome c in a competitive fashion,
which allows the determination of the specific activity which is present in an

unknown sample.

Xanthine oxidase, Grade I, and horse heart cytochrome c,

Type III, were obtained from Sigma Chemical Co. Assays were routinely

performed at 25°C in 20mM sodium carbonate buffer, pH 10, containing 0.1mM
EDTA. Cytochrome c reduction was monitored at 418nm spectrophotometrically

every 30 seconds for a period of 4 minutes on a Beckman DU 586. The assay

solution contained 0.01 mM of oxidized ferricytochrome c and enough xanthine

oxidase (XO) enzyme to lead to a change in absorbance (Abs) of 0.025 OD units
per minute. This amount of XO was determined at the beginning of each set of
experiments by careful titration. The reaction was measured in a 1ml volume,

and was initiated by the addition of xanthine oxidase to the complete reaction
mixture (0.01 mM cytochrome c, 0.05mM xanthine, 1mM ethylenediamine-tetra

acetic acid (EDTA) 1mM KCN, 20mM Na2CO3 •HCI (pH 10.0) and 1-1 Ojil of the
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diluted cell sonicate to be assayed for SOD activity).

One unit of activity was taken as the amount of cell homogenate that

would halve the rate of reduction of cytochrome c ( A 0.025 Abs to a A 0.0125

Abs). These units were converted to standard units using a calibration curve
generated by Mn-SOD (purified from E. coli) that was purchased from Sigma.

Cell Fractionation

The mitochondrial, nuclear, and cytosolic enriched fractions were
generated as previously described for Sf-9 insect cells (112). All steps were

performed on ice. Cells were harvested and washed with PBS. The cell pellet

derived from two 10 cm plates was brought up in 1.5ml of cold 0.25M sucrose
solution. This suspension was homogenized in a Teflon DUALL® 22
homogenizer with 20 strokes. Several batches were often pooled and spun at

600xg for 10 min. The supernatant was carefully removed and the pellet was
brought up with additional sucrose solution. This solution was re-centrifuged at

600xg. The pellet, which consists of unbroken cells and the large dense nuclei,

was saved. The supernatants were pooled and centrifuged at 15,000xg for 5
min. The pellet containing mitochondria was saved once the supernatant was

removed. The cytosolic supernatant fraction was dialyzed (Spectrapor™

membrane tubing, 6-8 kDa cutoff) against 40 volumes 0.05 phosphate buffer (pH
7.4) with three changes over a ~20hr. period at 4°C. The resulting solution was
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lyophilized to a dry powder and brought up in the appropriate volume of SDS
sample buffer.

Other Miscellaneous Procedures and Kits.

Protein assays were routinely performed using the Pierce™ (Rockford, IL)

bicinchoninic acid protein assay kit. The scaled down protocol was employed

and the reaction was measured via a Molecular devices (Menlo Park, CA)

Vmax™ microplate reader at 570nM. Gels were scanned using a Molecular

Dynamics personal densitometer.
DNA was purified using Promega’s Magic Miniprep™ system. Hyperoxic

cell culture conditions described herein were generated by placing cell culture

plates in air tight Tupperware containers which had been modified to accept
Millipore Millex-GV filters as entry ports for 100% O2 (5 cc/min.). Small exit ports

were located opposite of the oxygen entry ports.

Statistical Analysis.

Analysis of variance, followed by the Newman-Keuls test, was used to
determine the significance of differences between groups. All statistics were
performed using Sigma Stat Software (Jandel Scientific, Menlo Park, CA) for

Windows.
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Results

Characterization of the expression of precursor hMn-SOD by the

baculovirus system.

The DNA encoding the precursor hMn-SOD (27 kDa) was ligated behind
the robust viral polyhedrin gene promoter (Fig. 3) of the pVL 1393 transfer

vector, and a precursor hMn-SOD-expressing baculovirus was produced via

non-homologous recombination. The appropiate expression of mature
enzymatically active hMn-SOD in the baculovirus system was dependent upon
the ability of the insect mitochondria to recognize, import, process and assemble
the human mitochondrial precursor protein into its correct tertiary and quaternary

structure. The production of mature hMn-SOD at 3 days post-infection (3d pi.)
with the newly produced virus was confirmed by immunological detection of a 23

kDa band on Western blots (Fig. 4) and SOD activity measurements (Fig. 5).
Densitometric analysis of coomassie brilliant blue-stained electrophoretic gels
derived from hMn-SOD-AcNPV-infected cultures (4d pi.) indicated the hMn-SOD
protein level to be 15% to 25% of total cellular protein (Fig. 6). Consistent with
the known expression profile of the polyhedrin gene promoter (Fig. 2), the major

portion of mature hMn-SOD accumulated from 2d pi. to 5d pi. with no evidence
of significant decreases in protein for at least 7 days (Fig. 6). SOD activity was
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Figure 4

Western blot analysis of human Mn-SOD recombinant Baculovirus

(hMn-SOD-AcNPV) infected whole cell extracts. Sf-9 cells were
inoculated with 10 pfu/cell of hMn-SOD-AcNPV and harvested 72h

post-infection. The Western blot was incubated with; lane(1) rabbit
anti-C terminus hMn-SOD peptide antiserum, lane(2) mouse anti-

N-terminus mature hMn-SOD-specific monoclonal antibody, lane(3)
sheep anti-hMn-SOD antiserum. Uninfected and wild-type virus
infected Sf-9 controls for each antibody preparation showed no

detectable immunoreactivity. The molecular weights indicated on
the left are expressed in kDa.
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Figure 5

Mn-SOD specific activity of crude cell sonicates from Sf-9 cells
maintained in media supplemented with varying concentrations of

MnCI2. (-■-) Wild Type virus infected, (-A-) Mock infected, and (•-) hMn-SOD-AcNPV infected Sf-9 cells (72h pi.).
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Figure 6

Time course of hMn-SOD protein accumulation. Equivalent protein

samples (60pg) were separated by SDS-PAGE and protein bands
visualized by coomassie brilliant blue staining. Sf-9 monolayer

cultures in log phase growth were inoculated with ~ 10 pfu/cell of
baculovirus stock solutions and harvested at various time points.
Lane (1) Mock infected Sf-9 ceils; lane (2) Wild-type AcNPV-

infected cells, 72h pi.; lanes (3)-(9) hMn-SOD-AcNPV-infected
cultures. (3) 24h pi., (4) 48h pi., (5) 72h pi., (6) 96h pi., (7) 120h

pi., (8) 144h pi., and (9) 168h pi. The molecular weights indicated
on the left are expressed in kDa.
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found to require MnCI2 supplementation of the culture medium (Fig. 5). At
>10'3M MnCI2 supplementation, crude cell sonicates exhibited an average of

1250U of activity per mg of total protein. Various sources report Mn-SOD activity
of purified enzyme at -3500-5000 units per milligram protein (35,36), so that the

baculovirus-produced enzyme appeared to be very active enzymatically.

A purification scheme based upon Mn-SOD’s relatively basic charge and
heat stability was developed and found to result in remarkably pure and active

enzyme with two purification steps (Fig. 7). The appearance of the majority of

recombinant product as a 23 kDa band on SDS-PAGE stained with coomassie
blue, consistent with the reported MW of mature hMn-SOD subunits, indicated

mitochondrial processing of the introduced pre-protein. The availability of pure
product afforded the opportunity for the confirmation of the precise amino acid
sequence of the expected cleavage product.

N-terminal amino acid
sequence reported for hMnSOD. The leader sequence
is indicated by bold font.

Met-Leu-Ser-Arg-Ala-Val-Cys-Gly-ThrSer-Arg-Gly-Leu-Ala-Pro-Ala-Leu-GlyTyr-Leu-Gly-Ser-Arg-GIn-LYS-His-SERLeu-Pro-Asp-Leu-Pro

N-terminal amino acid
sequence for mature
recombinant protein.

XXX-His-Ser-Leu-Pro-Asp-Leu-Pro

Table III. The amino acid sequence of the recombinant protein. The identity of
the first sequencing cycle was unable to be determined (XXX).

The first 8 amino acids of the N-terminal sequence of this protein showed
homology to that reported for mature hMn-SOD (113) indicating correct
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Figure 7

A) Purification of recombinant hMn-SOD from Sf-9 insect cells

(96h pi.). Protein from each step of purification was

electrophoresed on SDS-PAGE and stained with coomassie
brilliant blue to estimate purity. Lane (1) whole cell homogenate of

hMn-SOD-AcNPV-infected insect cells (~65^g protein). Lane (2)

pellet from heat precipitation treatment (3/^g protein). Lane (3)
supernatant of heat precipitation treatment (3^g protein). Lane (4)

hMn-SOD peak eluted from MonoQ ion exchange column (3^g

protein). Aliquots from each fraction were assayed for SOD. The
SOD specific activity of each fraction (average of two independent

purification runs) is shown in tabular form.

B) Representative tracing of a Mono Qd ion exchange column run

of the hMn-SOD purification protocol. The heat supernatant

fraction (pH 8.0) described above was adsorbed directly to the
column in buffer A (20mM Tris-HCI, pH 8.0). Proteins were eluted
with a shallow stepwise gradient of buffer B (1M Tris-HCI, pH 6.9)
as indicated by the dashed line in the tracing. The recombinant

hMn-SOD, because of its relative basic charge, eluted as a large
early peak indicated here with hatching. Absorbance was
monitored at 280 nm.
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processing of the precursor protein by the insect mitochondrial protease (Table

III). The purified hMn-SOD was further characterized with size exclusion
chromatography. This native recombinant product eluted from a Pharmacia

Superose-123 column with an apparent molecular weight of ^80 kDa (Fig. 8),

consistent with the previously reported (39) homotetrameric configuration of
subunits.

A comparison of Sf-9 cells infected with the hMn-SOD-AcNPV and wild
type AcNPV virus (which differ from each other only in that the polyhedrin protein

gene has been replaced by hMn-SOD) at the ultrastructural level revealed the

mitochondrial localization of hMn-SOD and its prodigious expression levels by
day 5 pi. Specifically, electron micrographs of the mitochondria of the hMn-SODAcNPV infected cells (Fig. 9) were morphologically distinct from those of
uninfected or wild-type baculovirus-infected cells. These mitochondria showed
enlargement with irregular cristae, and were markedly more electron dense than

those from control ceils, alterations consistent with profound protein

engorgement.
In addition, the presence of manganese in the growth medium exerted a
subtle influence on the appearance of the electron dense mitochondria of the

hMn-SOD-AcNPV-infected cells. In cells grown in medium lacking manganese

(inactive Mn-SOD), the mitochondria, though still protein engorged, had a more
granular appearance than those grown in manganese-supplemented Grace’s
medium. Presumably the apo-hMn-SOD assembles differently, resulting in
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Figure 8

Molecular sieving column chromatography of recombinant hMnSOD. The retention volume of recombinant hMn-SOD was
compared to that of blue dextran ( MW-200,000 daltons), bovine
serum albumin (MW-66,000 daltons), and horse heart myoglobin

(MW-16,800 daltons). The retention volumes, as measured from
the apex of the detection peak, on a Pharmacia3 Superose 12 HR
16/50 column run with 0.05 potassium phosphate buffer (pH 7.4) at

0.25ml/min were as follows: 35.6mls, blue dextran; 48.8mls, hMnSOD; 54.4mls, BSA; and 69.6mls for horse heart myoglobin.
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Figure 9.

Electron micrographs of Sf-9 insect cells under a variety of

treatments and inoculations.

A)

A wild-type baculovirus-infected cell (96h pi.) at 15,000X
magnification.

B)

An hMn-SOD-AcNPV infected cell (96h pi.) at 15.000X

magnification.

C)

An hMn-SOD-AcNPV infected cell (96h pi.) at 15.000X
magnification which was cultured in medium supplemented

with 1 mM manganese chloride.
D)

An uninfected Sf-9 cell at 15.000X magnification.

E)

40,000X magnification of the cell shown in panel (A).

F)

40,000X magnification of the cell shown in panel (B).
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changes in protein “packing” that are observable at the ultrastructural level.

Taken together, the results indicate that the baculovirus system is
compatible with the expression of large amounts of recombinant hMn-SOD that

appears to be identical to the authentic enzyme. Insect mitochondria displayed a
remarkable capacity for processing and importing precursor hMn-SOD, indicating
that the array of specific chaperone proteins and proteases required for these

processes are present and are sufficiently similar to those of mammalian cells to
accommodate the mammalian precursor protein.

The recombinant product’s aminoacid sequence, its native and denatured

molecular weight, and its specific activity were found to be consistent with those
reported for Mn-SOD isolated from various sources.

The processing of precursor hMn-SOD appeared to be very efficient, as
the 27 kDa precursor band was at the limit of detection (not detected, as in

Figure 4, or detected only very slightly, as in Figure 11) in hMn-SOD-AcNPVinoculated cells. As expected, the SOD activity of the protein was dependent on

MnCI2 supplementation of the growth medium (Figure 5).

The viability and proliferation of Sf-9 cells infected with the wild type
baculovirus, the recombinant hMn-SOD AcNPV baculovirus, and control

uninfected cells were assessed by trypan blue exclusion and cell counts from

day 2 to 6 day pi. (Fig 10). No significant cell proliferation was observed in
inoculated cells (WT or hMn-SOD-AcNPV) between 2d and 5d pi. Cell viability

was not appreciably changed in any treatment group until day 5 pi. when

*
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Figure 10

Time course of Sf-9 cell proliferation and viability during infection

with/without hMn-SOD-AcNPV. Six groups were assayed for

viability (trypan blue exclusion) and total cell number/per tissue
culture well: hMn-SOD-AcNPV-infected, with (SOD +Mn) and

without (SOD -Mn) 1mM manganese supplementation; wild-type
AcNPV-infected, with (WT +Mn) and without (WT -Mn) manganese

supplementation; and control uninfected cells, with (Con +Mn) and

without (Con -Mn) manganese supplementation. Sf-9 cells were
seeded ~ 480,000 cells per well and counted and assayed for
viability at 2d pi. (A), 3d pi. (B), 4d pi. (C), and 5d pi. (D). For each
group the number of non-viable and viable cells per well are

expressed as means ±SE. The cell counts were performed in
triplicate for each group in three independent experiments.
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considerable cell death was observed in virus-infected cells. The viability and

proliferative effects observed were unaffected by the presence of a 1mM

manganese chloride supplementation of the growth medium.

The effects of redox conditions on hMn-SOD processing.

Two lines of evidence indirectly point to a redox modulation of mitochondria

protein import. First, the MPT is clearly affected by redox conditions, and has
been shown to be modulated by the oxidative status of key sulfhydryl groups of

the protein components of the pore (84, 116, 117, 118). Given the evidence that
the MPT pore represents the mitochondrial import apparatus (81), the possible
redox modulation of mitochondrial import is suggested. Second, the

demonstration that a post-translational block (64) in the expression of Mn-SOD is
induced by oxidizing conditions is intriguing from the perspective that this block

may occur at the level of mitochondrial import. Paraquat is a superoxidegenerating agent that is commonly used experimentally to induce an oxidizing

cellular environment. Interestingly, it has been reported to “modulate” the
phenomenon of MPT, leading to greater sensitivity of the MPT pore to induction

(opening) by depolarization of the mitochondrial inner membrane (118).
Paraquat treatment of hMn-SOD-AcNPV-infected cultures at 2 to 4 days pi. was

found to lead to an accumulation of the precursor with a corresponding decrease
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of mature hMn-SOD in a dose dependent fashion (Fig. 11) at concentrations

^0.5mM paraquat. In contrast, menadione, another redox cycling agent, was

found to have little or no effect on the ratio of precursor to mature form of hMnSOD (PM-ratio). The highest concentration (0.1 mM) of menadione employed
resulted in lower total levels of the recombinant hMn-SOD in parallel with

obvious cytotoxic effects such as blebbing and cell death. However, no
significant toxicity, as assessed by trypan blue dye exclusion (Fig. 12) was

observed at the lower concentrations of menadione or at any of the
concentrations of paraquat employed as compared with inoculated control cells.
The reduction of the mature form of hMn-SOD and the appearance of the
precursor form subsequent to paraquat treatment was reflected by lowered MnSOD activity (Fig. 13) in the extracts from hMn-SOD-AcNPV inoculated cultures.

Because paraquat has been shown to dissipate (uncouple) the hydrogen ion

gradient across the inner mitochondrial membrane in isolated mitochondria at
10mM concentrations, we examined the effects of the uncoupling agent carbonyl

cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) on hMn-SOD processing

(Fig. 14). FCCP had no apparent effect on the ratio of precursor to mature hMnSOD and led to a dose-dependent decrease in total recombinant hMn-SOD

expression. Likewise, pharmacological concentrations of two classical electron
transport chain blocking agents, rotenone and KCN, were found to lead to a

dose-dependent reduction of the amount of immunoreactive hMn-SOD material,
with no evidence of precursor accumulation by 4 day pi. (Fig. 15).
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Figure 11

Paraquat inhibits the processing of precursor to mature hMn-8OD
by Sf-9 cell mitochondria. Sf-9 cells were treated with the indicated
concentrations of paraquat and menadione at 48h pi. and

harvested for protein separation by SDS-PAGE at 90-92h pi. The

blots derived from these gels were probed with anti-hMn-SOD
specific antiserum to detect the precursor and mature hMn-SOD
bands (27 and 23kDa, respectively). The immunoblot shown is
representative of three independent experiments.
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Figure 12

Cell viability, as measured by trypan blue exclusion, of paraquat-

and menadione-treated cultures. Sf-9 cells were treated with the
indicated concentrations of paraquat and menadione at 48h pi. and

assayed for viability based upon ability to exclude dye in a 0.2%

trypan blue Hank’s balanced salt solution at 92h pi. The data are
derived from three experiments (n=3) and are expressed as a

percentage of control hMn-SOD-AcNPV-inoculated cell viability.
Data are expressed as means ±SE. No significant difference was
found between any group except at the highest concentration of

menadione (P<0.05). * denotes significant difference from control
values.
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Figure 13

Mn-SOD activity assay of paraquat treated cells. Sf-9 cells

inoculated with hMn-SOD-AcNPV were placed in Grace’s medium
supplemented with 1mM manganese chloride, with and without 1
mM paraquat at 48h pi. At 96h pi cells were sonicated in

phosphate buffered saline (pH 7.4) and assayed for SOD activity in
the presence of 1mM potassium cyanide. Data are expressed as

means ±SE with an n=4 (*p<0.01).
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Figure14

Western blot analysis of the effect of treatment with the
mitochondrial uncoupling agent FCCP on hMn-SOD processing.

Cells were treated with the indicated concentrations of FCCP at
48h pi. and harvested at 92h pi. for separation of proteins by SDS-

PAGE. Untreated (Control) and paraquat (1mM) treated cell

cultures are also shown. The biots derived from these gels were
probed with anti-hMn-SOD specific antiserum to detect the
precursor and mature hMn-SOD bands (27 and 23kDa,

respectively). The immunoblot shown is representative of three
independent experiments.
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Figure 15

Western blot analysis of the effect of treatment with the

mitochondrial electron chain blocking agents, KCN and rotenone

on hMn-8OD processing. Cells were treated with the indicated
concentrations of electron chain blockers at 48h pi. and harvested

at 92h pi. for SDS-PAGE analysis. Untreated (Control) and
paraquat (1mM) treated cell cultures are also shown. The

immunoblots shown are representative of three independent

experiments.
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Because sulfhydryl oxidation is a key mechanism by which oxidizing
species exert their deleterious effects, the sulfhydryl reducing agent dithiothreitol
(DTT) was assessed for any protective effects which it may have in preventing
the processing block induced by paraquat. The addition of 10mM DTT 2 hours
after the addition of 1mM paraquat at day 2 pi. was found to completely prevent

the block in hMn-SOD processing induced by paraquat treatment (Fig. 16) with a

lowering of the ratio of precursor to mature hMn-SOD to below control levels.
The higher concentration of DTT (10mM) apparently led to some cell toxicity as

total immunoreactive levels of hMn-SOD were slightly reduced. The 5mM DTT
treatment resulted in ablation of the paraquat-induced processing lesion without

any sign of lower production of hMn-SOD during the 2-4 day pi. treatment period.
Treatment of cells that were not exposed to paraquat with these two

concentrations of DTT led to the reduction of the PM-ratio to below basal levels.
In addition to DTT, several other sulfhydryl reagents were assessed for hMnSOD processing influences (Table IV). Unfortunately, these compounds

displayed generalized Sf-9 cell toxicity at pharmacologically effective
concentrations, and thus, provided no useful information concerning the possible

role of sulhydral group oxidation in the processing lesion.

A differential centrifugation technique reported to achieve effective
fractionation of Sf-9 cells (114) was used to generate nuclear, cytosolic and

mitochondrial enriched fractions from wild type baculovirus- and hMn-SOD-
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Figure 16

The effect of the sulfhydryl reducing agent, dithiothreitol (DTT), on
the block of hMn-SOD processing induced by 1mM paraquat.

Paraquat (1mM) was added to the cells at 2d pi. with the indicated

concentrations of DTT added shortly thereafter (2hr.). Cellular
protein was extracted at 84h pi. and hMn-SOD analysed by
Western blotting . The blot shown is representative of 3

independent experiments.
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Treatment

Concentration (s)

Notes:

1

ZerZ-butyl hydroperoxide

0.005% - 0.5%

no effect-cell toxicity at
higher concentrations

2

Na' Nitroprusside

0.10- 10 pM

no effect-cell toxicity at
highest concentrations

3

M'-nitro-L-arginine
methyl ester

1 pM

no effect

4

phorbol dibutyrate

1- lOpM

no effect/slight toxicity at
highest concentration

5

heavy metals:
10-100 pM

cell toxicity at higher
concentrations

Ethacrynic Acid

0.1-20mM

no effect/cell toxicity at
higher concentrations

TV-naphthylmaleimide

0.1-20mM

no effect/cell toxicity

Macetyl-cysteine

0.1-20 mM

no effect

N-acetyl-cysteine +lmM
paraquat

0.1-20 mM

no effect *

7

TNF (tumor necrosis
factor)

0.1-10 pM

no effect/slight toxicity at
highest concentration

8

Pertussis toxin

0.1 -10 mM

no effect/slight toxicity at
highest concentration

9

Na+ Periodate

10-100 pM

no effect/ toxicity at higher
concentrations

Zinc, Cadmium, and
Lead acetate

6

Sulfhydryl Reagents

Table IV. Several preliminary studies of miscellaneous treatments assessed for their
effects on hMn-SOD processing. *Assessed for possible protective effects from
processing lesion induced by 1 mM paraquat.
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AcNPV-infected cell cultures. Proteins extracted from these subcellular fractions

were separated with SDS-PAGE and the gels were stained with coomassie
brilliant blue solution (Fig. 17). The 37 kDa polyhedrin protein product of the

wild-type baculovirus- infected culture was found to be exclusively localized to
the nuclear enriched fraction as expected. The mitochondrial Mn-SOD

recombinant product is associated mostly with the mitochondrial enriched

fraction of Mn-SOD-AcNPV-infected cell cultures. The presence or absence of
1mM MnCI2 in the medium had no apparent effect on the localization of Mn-SOD

or the pattern of protein distribution between the three fractions. Fractionation of

paraquat-treated Mn-SOD-AcNPV-infected ceils into nuclear, cytoplasmic and
mitochondrial enriched fractions showed that the accumulated precursor hMn-

SOD was associated with the insoluble mitochondrial and nuclear cell pellets

(Fig- 18).
The possible protective effects of several classic antioxidants against the

paraquat-induced lesion in hMn-SOD processing was assessed. Trolox, a water
soluble analogue of tocopherol, at pharmacological concentrations of 0.1-1 OmM

did not afford significant protection from the paraquat induced accumulation of
precursor hMn-SOD (Fig. 19). Tocopherol, likewise, did not appear to lower the

accumulation of precursor hMn-SOD except at the highest concentration of
50pM where significant toxicity was observed as gauged by the decline of total

hMn-SOD immunoreactive material (Fig. 20).
Ruthenium Red selectively blocks the calcium uniporter of the
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Figure 17

Cell fractionation of hMn-SOD-AcNPV and wild type infected Sf-9

insect cells. Cell homogenates were differentially centrifuged to

generate three fractions for each treatment group- Nuclear, N;
Cytosolic, C; Mitochondrial, M. Each fraction was separated on

SDS-PAGE and stained with coomassie brilliant blue. Lanes (1-3)
N, C, M fractions of wild-type AcNPV-inoculated cells, Lanes (4-6)

N, C, M fractions of hMn-SOD-AcNPV-inoculated Sf-9 cells, Lanes

(7-9) N, C, M fractions of hMn-SOD-AcNPV-inoculated cells in
culture medium supplemented with 1mM MnCI2. The molecular

weights indicated on the left are expressed in kDa.
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Figure 18

Fractionation of cells treated with/without 1mM paraquat at 2d pi.

and harvested for SDS-PAGE at 4d pi. Nuclear (Nuc), cytosolic
(Cyto) and Mitochondrial (Mit) cell fractions of cells treated with

paraquat and control untreated cells were generated as described
in materials and methods. The fractions were separated by SDSPAGE, Western blotted, and probed with anti-hMn-SOD polyclonal
antiserum. The blot is representative of three independent

experiments.
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Figure 19

The effect of the antioxidant trolox on the block of hMn-SOD

processing induced by 1mM paraquat. Cells were treated with the

indicated concentrations of trolox and paraquat and harvested at
4d pi. for analysis of hMn-SOD by Western blotting. The blots

derived from these gels were probed with anti-hMn-SOD specific
antiserum to detect the precursor and mature hMn-SOD bands (27

and 23kDa, respectively). The blot is representative of three
independent experiments.

Figure 20

The effect of the antioxidant tocopherol on the block of hMn-SOD
processing induced by 1mM paraquat. Cells were treated with the

indicated concentrations of tocopherol and paraquat and harvested

at 4d pi. for analysis of hMn-SOD by Western blotting. The blot
shown is representative of three independent experiments.
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mitochondrial inner membrane. The intimate relationship between permeability

transition pore (PTP) open probability and mitochondrial matrix calcium levels
suggested a potential relationship between [Ca++]matrjx and the efficiency of the

protein import machinery.

Because calcium dysregulation is associated with

mitochondrial damage sustained by oxidative attack, ruthenium red was

assessed for possible influence on hMn-SOD processing in the presence of
paraquat treatment (Fig. 21-A). Ruthenium Red at concentrations of 0.1-10p.M

was found to have no effect on the ratio or amounts of precursor and mature
hMn-SOD in cells treated with 1mM paraquat. The blockade of basal
mitochondrial calcium uptake with ruthenium red was not found to affect the

hMn-SOD processing (Fig. 21-B). Likewise, the agent Cyclosporin A, which
selectively blocks mitochondrial calcium uptake through the PTP, was found to
have little effect on hMn-SOD processing and did not reverse the effect of

paraquat on hMn-SOD processing (Fig. 22). The highest concentration of
Cyclosporin A (10 jiM) appeared to induce cell toxicity.
The dependence of hMn-SOD enzyme upon MnCI2 supplementation for

SOD activity was exploited to experimentally introduce SOD activity and gauge

its effects on the paraquat-induced inhibition of mitochondrial protein import. In
the absence of manganese the hMn-SOD polypeptide is imported into the

mitochondrion but assembles as an inactive apo-protein. Essentially 1mM

manganese supplementation "activates" the relatively large amount of hMn-SOD
protein’s superoxide dismutase activity.
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Figure 21

A) The effect of Ruthenium Red on the block of hMn-SOD

processing induced by 1mM paraquat. Cells were treated with the
indicated concentrations of Ruthenium Red and paraquat and
harvested at 4d pi. for analysis of hMn-SOD by Western blotting.

The blot is representative of three independent experiments.

B) The effect of Ruthenium Red on basal hMn-SOD processing.

Ceils were treated with the indicated concentrations of Ruthenium
Red and harvested at 4d pi. for analysis of hMn-SOD by Western
blotting. The blot is representative of three independent

experiments.
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Figure 22

A) The effect of Cyclosporin A on the block of hMn-SOD

processing induced by 1mM paraquat. Ceils were treated with the

indicated concentrations of Cyclosporin A and paraquat and
harvested at 4d pi. for SDS-PAGE and Western blotting. The blot

is representative of three independent experiments.

B) The effect of Cyclosporin A on basal hMn-SOD processing.

Cells were treated with the indicated concentrations of Cyclosporin
A and harvested at 4d pi. for SDS-PAGE and Western blotting.
The blot is representative of three independent experiments.
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To confirm the likely involvement of the superoxide radical in the

paraquat-induced processing lesion, manganese-supplemented hMn-SODAcNPV-infected cultures were treated with 1mM paraquat and compared to

unsupplemented paraquat-treated control cells. Manganese supplementation
significantly lowered the ratio of precursor to mature hMn-SOD, with a decrease
in accumulated precursor and a concomitant increase of mature hMn-SOD in
paraquat treated cells (Fig. 23). No effect of manganese supplementation on the

ratio of precursor to mature hMn-SOD of cells not treated with paraquat was
observed.

Hyperoxic conditions are well known to increase the generation of

superoxide from the mitochondrial electron transport chain. Previous reports
have also demonstrated that a post-translational block in hMn-SOD expression is
associated with, and precedes the hyperoxic injury of suceptible tissue such as

the lung (see Table 1). Hyperoxic culture conditions (>95% O2 atm) during the 2-

4 day pi. period of hMn-SOD-AcNPV-inoculated cultures were found to induce an
hMn-SOD processing lesion similar in nature to the one seen with paraquat

treatment. Hyperoxic culture conditions led to the consistent increase of the
precursor to mature hMn-SOD ratio (Fig. 24). In addition, the hyperoxia-induced

lesion of precursor hMn-SOD processing was completely alleviated by the

activation of Mn-SOD activity with manganese supplementation. Hyperoxia

treatment did not lead to significant cellular toxicity as assessed by trypan blue

exclusion (Fig. 25) or as evidenced from total hMn-SOD production during the 2-

=
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Figure 23

The effect of Mn-SOD activity, induced with 1mM manganese

supplementation, on paraquat-induced inhibition of hMn-SOD

processing. hMn-SOD-AcNPV-infected cells were cultured in

medium with (Lanes 1 and 3) and without (lanes 2 and 4) 1mM

manganese chloride supplementation. These cultures were treated

with 1mM paraquat (Lanes 1 and 2) or vehicle control (lanes 3 and
4) at 48h pi., and all cells were harvested for analysis of hMn-SOD

by Western blotting at 92h pi. This blot and the densitometric
analysis is representative of 4 experiments. The statistical analysis

of the pooled ratios for each experimental group are as follows:
paraquat + manganese (lane 1) ratio x = 0.31 SE ±0.04; paraquat
(lane 2) ratio, x = .68 SE ±0.08; manganese control ratio (lane 3), x

= .27 SE ±0.06; and control (lane 4) ratio, x = 0.22 SE ±0.03. The
paraquat treated group ratio (lane 2) was the only significantly

higher value with p<0.05.
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Figure 24

The effect of hyperoxic culture conditions on the processing of

hMn-SOD. hMn-SOD-AcNPV-infected Sf-9 cells were cultured in a

^95% oxygen atmosphere from 48h pi. to 84h pi. and the ratio of
precursor to product hMn-SOD was compared to cells cultured in a
standard air atmosphere. Lanes 1 and 2 contain extracts derived

from hyperoxia treated cells. Lanes 3 and 4 contain extracts from
cells which were cultured under standard conditions. Lanes 1 and

3 are extracts from control inoculated cells; lanes 2 and 4 are

extracts from cells cultured in media supplemented with
manganese chloride (1mM). The blot is representative of 4
independent experiments. The results of densitometric analysis of
the blot shown accompany the figure. The statistical analysis of
the pooled ratios of precursor to mature form hMn-SOD were as

follows: The hyperoxic group ratio - 0.53 SE ± 0.08 ; hyperoxic +

1mM manganese supplementation ratio - 0.30 SE ± 0.06; normaloxia atmosphere ratio - 0.16 SE ± 0.03; normal-oxia with
manganese (1mM) supplementation ratio - 0.20 SE ± 0.07. The
hyperoxic group ratios were statistically greater (p> 0.05) than
those of hyperoxia supplemented with manganese, or the normal
atmosphere control groups. No significant difference was found

between the ratios of any other groups as assessed by the studentNewman-Keuls method.
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Figure 25

Sf-9 cell viability, as measured by trypan blue exclusion, of
hyperoxic culture conditions in medium with/without manganese (1

mM) supplementation. The hMn-SOD-AcNPV-infected Sf-9 cells
were cultured in a ^95% oxygen atmosphere or under standard

culture conditions from 48h pi. to 84h pi.. Cell viability was
assayed based upon ability to exclude dye in a 0.2% Trypan Blue

Hank’s balanced salt solution at 84h pi. The data are expressed as

a percentage of the viability of control hMn-SOD-AcNPV-inoculated
cells cultured in a standard air atmosphere. The n value = 4 to 5

and data are expressed as means ±SE. No significant difference
was found in cell viability between the various culture treatments.

F

100

140-1

>-

120-

m

< 100

>
_i
-j

nJ
O
-J

o
a
z
o
o

8060-

40
200

Illi
>'o

%0

101
The effects of peripheral benzodiazapine receptor (PBzR )
ligands on the processing of precursor hMn-SOD by Sf-9

mitochondria.

The reported modulation of the protein import machinery’s artifactual

electric conductance activity by the peripheral benzodiazapine receptor (PBzR)
ligands (80, 81) suggested that the benzodiazapine class of compounds may
influence the import of precursor proteins by the mitochondrial import apparatus.

The specific PBzR ligand, Ro5-4864, was found to enhance hMn-SOD

processing with a dose-dependent lowering of the precursor to mature hMn-SOD
ratio, which was associated with an increase of the processed mature hMn-SOD

present at 4 dpi. when cells were harvested for SDS-PAGE (Fig. 26). At the

highest concentration of Ro5-4864 (50 p.M) cell toxicity was observed as gauged

by the lower total amount of immunoreactive hMn-SOD. Treatment of hMnSOD-AcNPV-infected cultures with the PBzR ligand, PK11195, at 2 days pi.

showed similiar results to Ro5-4864 treatment, with a dose-dependent lowering
of the ratio of precursor to mature hMn-SOD (Fig. 27).
Treatment of hMn-SOD-AcNPV-infected cultures with the PBzR ligand,
protoporphyrin IX, at 2 day pi. showed variable results which proved

inconclusive. However, given the low basal levels of precursor hMn-SOD the
detection of a further increase in processing efficiency is difficult, especially if the

r
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effects are subtle. In order to increase the levels of precursor, paraquat was

employed, with the idea that this would make the assay more sensitive to any

effects of protoporphyrin IX. Under these experimental conditions, the addition

of 1 pM protoporphyrin IX, an endogenous PBzR ligand, was found to
consistently lower the PM-ratio at all concentrations (3-0.5mM) of paraquat in
hMn-SOD AcNPV infected Sf-9 cells (Fig. 28). Thus it was concluded that the

general effect of all the PBzR ligands was to increase the hMn-SOD processing
capabilities of the Sf-9 mitochondria.

r
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Figure 26

Immunoblot analysis of the effect of the PBzR ligand, Ro5-4864, on
hMn-SOD processing. Sf-9 cells were treated 2d pi. with the

indicated concentrations of Ro 5-4864 and harvested at 4d pi. for

analysis of hMn-SOD by Western blotting. Extracts from control
cells are shown in lane 5. The blot is representative of 3

independent experiments.
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Figure 27

Immunoblot analysis of the effect of the PBzR ligand, PK11195, on

hMn-SOD processing. Sf-9 cells were treated at 2d pi. with the
indicated concentrations of PK11195 and harvested at 4d pi. for

analysis of hMn-SOD by Western blotting. Extracts from Sf-9 cells
not infected with baculovirus (Non-inoculated), and untreated

inoculated ceils (Control) are shown in lanes 1 and 6 respectively.
The blot shown is representative of four independent experiments.
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Figure 28

The effect of the the PBzR ligand, protoporphyrin IX, on hMn-SOD
processing inhibited by a range of paraquat concentrations. Cells
were treated with the reagents at 2d pi. and harvested for analysis

at 4d pi. The blot shown is representative of three independent

experiments. Lane (1) untreated inoculated control cells, Lane (2)
3mM paraquat treated cells, Lane (3) 1mM paraquat, Lane (4) 0.5

mM paraquat treated, Lane (5) 0.3mM paraquat treated cells, Lane

(6) cells treated with 3mM paraquat in the presence of 1;zM
protoporphyrin X, Lane (7) 1 mM paraquat + 1/zM protoporphyrin

IX, Lane (8) 0.5mM paraquat + 1/^M protoporphyrin IX, Lane (9) 0.3
mM paraquat + 1;zM protoporphyrin IX, Lane (10) is Wild-type
baculovirus inoculated control cells.
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Discussion

For the successful and appropriate expression of hMn-SOD in Sf-9 insect
cells, several aspects must be met by the insect cell's processing apparatus.

Once synthesized, the precursor hMn-SOD must be kept in an “import
competent” conformation (denatured) by cytosolic chaperone proteins. The
insect mitochondrial TOM-TIM complex must recognize the human presequence

and successfully translocate the pre-protein across the mitochondrial outer and

inner membranes. Once in the mitochondrial matrix space, the precursor
processing peptidase must remove the 23 amino acid leader sequence, and

chaperone proteins must facilitate the assembly of the elongated protein into its
enzymatically active quaternary structure of four identical subunits. Each subunit

requires a manganese ion at its active site that is presumably incorporated into
the enzyme as/or after it is folded within the matrix.

Any failure in the Sf-9

precursor processing machinery’s ability to handle the large amounts of hMnSOD precursor generated during the vigorous expression phase of AcNPV

infection (2d-5d pi.) will lead to accumulation of unprocessed precursor product

and/or low levels of Mn-SOD activity. The robust expression of precursor hMnSOD using the baculovirus expression system afforded the opportunity to

explore several factors that might affect mitochondrial internalization and
processing of cytosolic precursor proteins in the context of the intact cell. The
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expression of mature hMn-SOD at 3 days pi. of cells infected with the hMn-SOD-

AcNPV was confirmed by the detection of a 23 kDa immunoreactive band with
three independent antibody preparations (Fig. 4). The SOD enzyme was highly

active, provided adequate manganese (^1mM) was available in the cell culture
medium (Fig. 5). The appearance of the mature form hMn-SOD was unaffected
by the presence or absence of manganese chloride in the growth media (Figs 23

and 24).
i

i

Mature hMn-SOD appeared in Sf-9 cells at ~2d pi. with the hMn-SODAcNPV, and accumulated rapidly between 2-4 days pi. (Fig. 6). The
accumulation of the 23 kDa band leveled off by 5 days pi., where densitometric
analysis estimated the recombinant product to be -15-25% of total cellular

protein. No significant decline in the 23 kDa band was evident out to 7 days pi.,

well after most cells were non-viable, giving support to the notion that mature

hMn-SOD is a stable, protease-insensitive enzyme.
The 23 kDa recombinant product was easily purified (Fig. 7) to
homogeneity utilizing a purification scheme based upon the heat stability and

relatively basic character of the Mn-SOD enzyme. The purified 23 kDa hMn-

SOD N-terminus amino acid sequence was found to be consistent with that
reported for mature hMn-SOD; indicating the correct processing of the precursor
polypeptide by the insect mitochondrial processing apparatus. In addition, the

purified hMn-SOD was found to exhibit high superoxide dismutase activity and a
native molecular weight of ^80 kDa, both of which are consistent with previous

Ill
reports of the purified Mn-SOD enzyme from mammalian sources (Figs.7 and 8).

Examination of the hMn-SOD-AcNPV infected cells at 4 days pi. at the
ultrastructural level revealed the mitochondrial localization of hMn-SOD. A

comparison between wild-type AcNPV-infected cells and hMn-SOD-AcNPVinfected cells showed that the mitochondria of the hMn-SOD-AcNPV-infected
cultures were morphologically distinct from control un-infected or wild-type

AcNPV-infected cells. Specifically the hMn-SOD-AcNPV-infected cell

mitochondria were highly electron dense with irregular cristae, alterations

consistent with profound protein engorgement.
The hMn-SOD-AcNPV-infected cells differed from wild-type AcNPV-

infected cells only in that the nuclear-localized polyhedrin protein was replaced
by the mitochondrial-targeted hMn-SOD precursor protein. Wild-type AcNPV

infected Sf-9 cells expressed polyhedrin protein which assembles in the nucleus,

and was visible at the ultrastructural level as electron dense polyhedral shaped
inclusion bodies. These inclusion bodies were also visible under phase contrast

microscopy as refractile bodies which encircled the inner periphery of the Sf-9

cell nucleus.
The hMn-SOD-AcNPV-infected cells, as expected, did not display the

nuclear localized polyhedrin inclusion bodies, but instead contained mitochondria

that appeared engorged with protein. The absence of manganese in the Grace’s
growth medium affected the appearance of the mitochondria of the hMn-SODAcNPV-infected Sf-9 insect cells. Compared to the mitochondria of hMn-SOD-
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AcNPV-infected cells supplemented with 1mM manganese chloride, the

mitochondria of cells in medium lacking manganese (though still loaded with
protein) appeared more granular with what may be protein aggregates, probably

representing partially unfolded hMn-SOD apo-protein.
Taken together the results indicate that the correct localization,
processing, and assembly of the human Mn-SOD was achieved in the Sf-9

5
|

insect cells infected with the hMn-SOD-AcNPV baculovirus expression vector.

The molecular weight of the recombinant product under denaturing and native

i

conditions is consistent with mature hMn-SOD expression. In addition high
superoxide dismutase activity, which implicitly indicates proper assembly of the
enzyme, was measured in both cell sonicates and purified material derived from

manganese-supplemented hMn-SOD-AcNPV-infected 8f-9 cultures. Finally, the
N-terminal sequence data of the purified material and direct observation of hMnSOD-AcNPV infected Sf-9 ceils at the ultrastructural level demonstrated the
correct localization and processing of hMn-SOD by the insect cell mitochondria.

Thus, the insect cell mitochondrial precursor processing apparatus

appears to be sufficiently similar to mammalian systems to accommodate a
human precursor protein. The efficiency of the insect precursor processing

machinery is reflected by the high levels of immunoreactive mature hMn-SOD

protein and SOD activity which is detectable in hMn-SOD-AcNPV-inoculated
cultures. The correct processing of mammalian Mn-SOD precursor protein

points to a remarkable degree of evolutionary conservation of the mitochondrial
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import and processing machinery.

The expression of functionally active hMn-SOD was, as expected,
dependent on an adequate supply of manganese ion. However, precursor hMn-

SOD was processed and localized to the mitochondrion in the absence of
manganese supplementation as an enzymatically inactive apo-enzyme.

Further characterization of the baculovirus infection process revealed that
viability of the infected insect cells was not affected to any noticeable extent until

5 days pi., whereupon considerable cell death was observed (Fig. 10) in both
wild-type virus- and hMn-SOD-AcNPV-infected cultures. The comparison of the

virus infected cells with non-inoculated Sf-9 cell cultures showed that by 2 day pi.
the proliferation of infected cells (both wild-type AcNPV- and hMn-SOD-AcNPV-

infected) was arrested. The presence or absence of manganese chloride in the

cell culture medium was seen to have no effect on Sf-9 cell viability of wild-type,

hMn-SOD-AcNPV-infected or non-infected cells. Thus the presence of large
amounts of SOD activity was neither beneficial nor toxic to the hMn-SOD-AcNPV

infected cells.
It is useful to consider that the infection of the Sf-9 insect cells with hMn-

SOD-AcNPV precursor-expressing baculovirus initiates two distinct and
independent processes within these cells. First, the robust polyhedrin gene
promoter driven expression of precursor hMn-SOD requires infected cells to

expend large amounts of cellular energy and resources to produce prodigious

amounts of hMn-SOD mRNA and to translate this mRNA into the precursor
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polypeptide. Second, this precursor protein requires the energy-dependent post-

translational import, processing and assembly of the polypeptide into the
functional mature Mn-SOD enzyme. All of these processes require cellular

energy, the majority of which is provided by the mitochondria. One would expect

that any perturbation of cell health or energy generation would lead to the loss of
hMn-SOD precursor production as well as the mitochondrial processing of this

protein product. In fact, precursor protein production would be more sensitive to
partially decreased energy production by the mitochondria based upon the

premise that the closer proximity of the mitochondrial precursor processing

machinery to the source of ATP production would act to give it priority for scarce

cellular ATP over the cell transcriptional and translational machinery.
The reported (64) post-translational block in Mn-SOD expression in the

lung tissue of rats exposed to hyperoxia suggested that cellular oxidizing

conditions might affect the ability of cells to process Mn-SOD into functional
enzyme (see Table 1). Because the redox-cycling compounds, paraquat and
menadione, are often employed experimentally to induce oxidizing cellular
conditions, their effects on baculovirus produced precursor hMn-SOD processing

were assessed. Paraquat treatment of hMn-SOD-AcNPV-infected cells, during
the 2-4 day pi. period in which these cells were actively producing and
processing hMn-SOD, was found to potently inhibit the processing of precursor

hMn-SOD to mature form (Fig. 11). The hMn-SOD-processing defect occurred in
the absence of any measurable cell toxicity as assessed by trypan blue dye

1
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exclusion.
In addition, the fact that total hMn-SOD protein levels (precursor plus

mature hMn-SOD) were maintained indicates that cell viability and energy

!

production were unaffected by paraquat treatment, since cellular resources were
sufficient to produce the large quantities of precursor protein during the 2-4 day
pi. treatment period.

In contrast to paraquat, menadione has no effect on the ratio of precursor
to mature hMn-SOD. At concentrations at or above 0.1 mM menadione displayed

cell toxicity as reflected by extensive cell blebbing (not shown) and the inability of
these cells to exclude trypan blue (Fig. 12). The dramatic decrease in

accumulated hMn-SOD at 4 days pi. (Fig. 11) reflected the menadione toxicity.
The reason for the different effects of the two redox-cycling compounds is
unclear, but may relate to the relatively high toxicity displayed by menadione.

Menadione may, in fact, induce a dysfunction of the mitochondrial processing of
precursor protein, but only at concentrations, that through other mechanisms

leads to cell death or de-energization. Because treatment occurs during the 2-4

day pi. period when the majority of precursor hMn-SOD is synthesized, toxic
effects during this period will be clearly reflected by lower total hMn-SOD levels

present at time of harvest. Thus, any dysfunction of mitochondrial-precursorprocessing is only detectable in the absence of any significant cellular toxicity.

The disparate acute and toxic effects of the two superoxide generating

xenobiotics, paraquat and menadione, point to the diversity of cellular targets for
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attack by superoxide and the reactive oxygen species which are a consequence
of its production. Where, when, and in what context a given oxidative insult

produces superoxide are important determinants of the relative amounts of
damage sustained by the various cellular constituents and resultant dysfunction

associated with the myriad of cellular processes. For instance, the patterns of

cellular damage induced by hyperoxic insult, which primarily increases
superoxide production by the mitochondria, are distinctly different from those

produced by an exogenous source of superoxide (e.g. xanthine oxidase,
neutrophil activation). Hyperoxia is associated with a relatively gradual decline
of cellular function characterized, as one might expect, by poor mitochondrial
performance. In contrast, exogenous superoxide production has more acute

effects characterized by cytoskeletal alterations and a detrimental, somewhat

selective permeabilization of the plasma membrane to calcium ions (39). Just as
various antioxidants preferentially protect various cell components (e.g.

tocopherol for lipids, ascorbic acid for the hydrophilic milieu) the array of

oxidative insults affect to differing degrees the various cellular systems.
Besides inhibiting the ability of mitochondria to process precursor hMnSOD, paraquat displayed a remarkable lack of cell toxicity. The ability of the

cells to maintain production of precursor hMn-SOD during paraquat exposure is
highly significant in that it indicates that cellular energy metabolism was sufficient
to carry out this energy intensive operation. It also points to the conclusion that
no significant oxidative damage to the translational and transcriptional machinery
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was sustained. That the production of precursor hMn-SOD was not affected is

more remarkable when one considers that the cellular protein production
machinery is probably operating at full capacity, driven by the robust polyhedrin
promoter.
These considerations and the measured lack of cellular toxicity make it

highly unlikely that the inhibition of precursor hMn-SOD processing by paraquat
is due to gross mitochondrial damage, lack of energy production or a generalized

deterioration of cell function. The reported ability of high concentrations of

paraquat (^10mM) to produce oxidative phosphorylation uncoupling effects in
isolated mitochondria (115) is unlikely to explain the precursor processing lesion
induced by paraquat because any uncoupling would result in lower ATP and be

reflected by a decrease in total hMn-SOD levels detectable at 4 days pi.
This point was reinforced by the observation that the classical oxidative
phosphorylation uncoupling agent, FCCP, lowered hMn-SOD total protein levels

in a dose-dependent manner with no accumulation of precursor hMn-SOD
evident at 4 days pi. (Fig. 14). In fact, the expression of hMn-SOD appeared to

be exquisitely sensitive to any treatment aimed at lowering mitochondrial
oxidative phosphorylation or energy production, as evidenced by the dose

dependent loss of hMn-SOD expression in the presence of the two electron
transport chain blockers, KCN and rotenone. FCCP treatment abolishes
mitochondrial protein import in isolated mitochondria, a fact that is cited as

evidence that mitochondrial import depends upon the y (membrane potential) of
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the inner mitochondrial membrane. While protein import depends upon the
membrane potential, in the cell physiological sense this observation loses

significance, in that the far more significant effect of FCCP treatment is loss of

ATP production, and the death of the cell.
Thus it would appear that paraquat induces a specific lesion in the

precursor processing machinery that precedes any significant deterioration of

cell function. The mitochondrial import and processing system may represent an
early and susceptible target for attack by paraquat and other oxidative insults.
As expected, the inability of paraquat-treated Sf-9 cells to process precursor

hMn-8OD was reflected with lower Mn-SOD activity (Fig. 13). This indicates that
precursor hMn-8OD requires removal of the leader sequence and the presence
of mitochondrial chaperone proteins for proper assembly into a functional
conformation. It also emphasizes that proper functioning of the mitochondrial

import/processing apparatus is a prerequisite for the functional expression of

mitochondrial targeted proteins.
In summary, from these data it can be concluded that: (1) mitochondrial
processing of precursor hMn-SOD is a prerequisite for its functional expression

and downstream activity levels, and (2) mitochondrial precursor processing is,
to some degree, selectively susceptible to oxidizing cellular conditions.
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Redox-modulation of mitochondrial protein import and the
mitochondrial permeability transition pore.

It was found that prevention of the paraquat-induced precursor processing
defect was completely accomplished by concurrent dithiothreitol (DTT)
treatment. DTT is an effective thiol reducing agent which is commonly used
pharmacologically to assess the influence of protein sulfhydryl oxidation. The

complete ablation of the paraquat-induced processing lesion by DTT suggests a
prominent role for protein sulfhydryl oxidation in this lesion. Thus a simple view

can be put forward which maintains that paraquat treatment leads to oxidation of

critical sulfhydryl groups (e.g. cysteine residues) of protein constituents of the

mitochondrial import processing apparatus.
This notion is strongly supported by the work of Petronilli and coworkers

(116,117,118) who, in a large body of work, document that the oxidation status
of key vicinal thiols affects the gating properties of the permeability transition
pore (PTP), recently identified as the protein import machinery (81,144). The

influence of sulfhydryl groups in the regulation of the mitochondrial permeability

transition pore has been appreciated for many years based upon the plethora of
sulfhydryl agents which influence its activity (see review 84 and references
therein). Petronilli et al. put forward the proposal that the gating potential of the
PTP is “tuned” by the formation of disulfide bonds of key vicinal cysteine
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residues so that induction of permeability is shifted to a higher gating potential.
Thus the sensitivity of the permeability transition pore to redox conditions

is transduced by the oxidative status of these key cysteine residues. The
phenomenon of the mitochondrial permeability transition cannot be considered

physiological, but in fact, appears to represent a dysfunctional state (under non-

physiological circumstances of high Ca++ and an inducing agent) of the

mitochondrial precursor protein import apparatus which leads to loss of
mitochondrial membrane integrity and cell death. With the identification of the
PTP as the mitochondrial translocase machinery, the redox sensing capabilities
of this channel appear in a different light, and suggests that this redox
modulation may influence the physiological operation of this pore.

Paraquat is a well-documented thiol-oxidizing agent, with the presence of

mixed protein disulfides and depletion of glutathione (GSH) levels correlating

well with paraquat-induced cellular dysfunction (119,120). Paraquat undergoes
cyclical reduction and reoxidation, which results in the production of superoxide

anion and the concomitant oxidation of NADPH to NADP* (121). Reports of the

reaction of superoxide with thiol groups vary as to whether such a reaction
actually occurs (122). In any case, superoxide’s derivatives, particularly the
hydroxyl radical, easily react with thiol groups to produce the thiyl radical. Thiyl
radicals readily put their electron in a common orbital to form a disulfide bond

(123). Paraquat’s depletion of the cellular sulfhydryl reducing agent NADPH and
the generation of reactive oxygen species (ROS) act in concert to drive closely
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proximal thiol groups to disulfide bond formation. In addition to direct attack of
protein thiols by ROS, thiols can be indirectly oxidized by the products of ROS

attack on polyunsaturated fatty acids, the peroxy- or alkoxy-radicals (124).
In fact, paraquat was reportedly found to modulate the voltage
dependence of the mitochondrial permeability transition pore to induction by high

calcium in isolated mitochondria. This ‘modulation’ was found to occur in the
absence of changes in mitochondrial membrane energy levels, membrane

potential, and respiratory rates (118). From these studies it was concluded that
oxidation of critical dithiol groups of the MPT pore were responsible for this

effect. In isolated mitochondria the sudden permeability shift is dependent on
high matrix calcium. However, within cells, mitochondria do not accumulate

(except in special circumstances) the high levels of calcium necessary for the all
or none shift of the PTP to the open conformation (81). Linder these

experimental conditions in which intact cells are treated with paraquat and MPT
is not induced, it appears that the physiologically relevant effect of the redox

cycling compound is a potent inhibition of mitochondrial processing of precursor

proteins.
The idea that a mitochondrial parameter, in this case precursor

processing, may be influenced by changes in the redox status of the cell is
attractive from the perspective that it allows the major cellular consumer of

oxygen, the mitochondrion, to detect changes in oxygen tension. The oxidation

status of key sulfhydryl groups is thought to transduce the effects of changing
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oxygen tension for many physiological control systems (125). Thus the
possibility arises that the paraquat-induced inhibition of recombinant hMn-SOD
processing may be effected through a redox-modulation sensing mechanism
which operates to modulate mitochondrial protein import according to cellular

redox status. Redox modulation of channel function transduced through the
oxidation-reduction status of key thiol groups has precedence with the neuronal

N-methyl-D-aspartate receptor channel. Reports indicate that this channel

activity is profoundly affected by the oxidation-reduction status of the cystine pair
at positions 432-433, with potentiation after reduction to dithiol and decreased

response to N-methyl-D-aspartate after oxidation to disulfide (126).
An alternative explanation of the protective effects of DTT against the
paraquat-induced hMn-SOD processing blockade is that DTT reacts directly with

paraquat or is behaving as a general free radical scavenger. No evidence has
been reported to suggest that paraquat reacts directly with DTT nor the formation

of a DTT-paraquat adduct (122, 123). While the predominant selective effect of

DTT treatment is sulfhydryl reduction, the possibility remains that some nonselective generalized antioxidant action of DTT could underlie its apparent

protective effects against paraquat. This contention is argued against by the

observation that two effective antioxidants, tocopherol and its water soluble

analogue, trolox, were completely ineffective in protecting against the paraquatinduced processing defect. Because superoxide gives rise to an array of

reactive oxygen species (i.e. H2O2, -OH, and singlet oxygen), which in turn react
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with a wide variety of cellular constituents (i.e. nucleotides, thiol groups, and

lipids), a situation arises where effective antioxidant administration must act to
clear an early species thereby reducing levels of downstream reactive

derivatives. Alternatively, effective treatment primarily works to reverse the
precise chemical lesion responsible for dysfunctionof the cellular process. The

questionable antioxidant properties of DTT and the ineffectiveness of other

antioxidants supports the view that sulfhydryl reduction is the primary mode of
action. The relative amounts of various oxidizing species which result from a

given form of oxidative stress is not clearly understood. The use of sulfhydryl
reagents which are less toxic and more specific to the mitochondrial thiol pool

will probably lead to additional evidence of the critical nature of disulfide bond
formation in the regulation of the PTP and the precursor processing apparatus.

Ruthenium red blocks calcium uptake by mitochondria via the
mitochondrial uniporter and protects isolated mitochondria against induced

permeabilization. Calcium ion binding sites are present on the matrix portion of
the PTP (TIM complex) and calcium occupancy of these sites is a prerequisite

for the non-selective permeabilization which leads to mitochondrial permeability

transition. Because dysfunction of mitochondrial calcium handling is intimately
tied to the mitochondrial damage sustained by oxidizing species, the paraquat-

induced hMn-SOD processing defect could conceivably have a component
related to mitochondrial calcium accumulation. The lack of effects on hMn-SOD

processing in the presence of ruthenium red argue against a role for increased

124
mitochondrial [Ca+] as a component of the processing lesion in paraquat
intoxicated cells. The accumulation of calcium by mitochondria observed as a
result of severe cellular oxidative insult seen by other investigators represents a

late component of cellular damage, which upon activation quickly leads to

irreversible cell injury and cell death, and therefore is unrelated to the effects of
paraquat seen in these studies where no overt cellular toxicity was observed.
MPT is a phenomenon which has only been conclusively demonstrated to
operate in isolated mitochondria under non-physiologically high Ca++ loading

conditions. However, several reports have convincingly argued that MPT occurs

in intact cells under some pathological conditions. Ischemia-reperfusion of tissue
has been proposed to lead to MPT based largely upon observations of large

cellular and mitochondrial calcium accumulations (127). Mitochondria of the
affected tissue appear swollen and have lost a large portion of their small organic

molecules (nucleotides, glutathione, etc.).
The recent suggestion that the likely physiological role of the PTP is
mitochondrial protein import, and that the MPT is a dysfunctional opening of the
mitochondrial import apparatus, sheds a new perspective on previous. For

instance, the work of Bernardi et al. and others has clearly shown that the PTP’s
threshold voltage dependence for opening is shifted by the redox status of key
vicinal thiol groups of this protein complex (116, 117, 118, 128, 129). The key

question becomes: What role does the various modulatory influences that are

found for the dysfunctional opening of the PTP play in its physiological role of
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protein import?

One class of compounds which has been found to influence PTP activity
is the peripheral benzodiazepine ligands. The peripheral benzodiazepine

receptor is located at the outer mitochondrial membrane. Several ligands have

been found to bind selectively to this receptor, though it has not yet been
ascribed a definite physiological function. They include: the benzodiazepines
Ro5-4864 and Diazepam; the phenylquinoline carboxamide, PK11195; and the

endogenously found protoporphyrin IX. The benzodiazepine receptor ligands,
protoporphyrin IX, Ro5-4864, and PK11195 potently increase PTP activity in

patch-clamp recordings (82). In addition, the benzodiazepines were also shown
to exert an influence over the MPT in intact hepatocytes, which leads to a

potentiation of their killing with rotenone (130).

It was speculated that the

peripheral benzodiazepine receptor of the outer mitochondrial membrane

associates with the PTP.
The effects of peripheral benzodiazepine receptor ligands on hMn-SOD

processing was assessed and found to generally lead to a lower ratio of
precursor to mature hMn-SOD present at 4 days pi. PK11195 and Ro5-4864

were both found to dose-dependently lead to more efficient processing of

precursor hMn-SOD. Because basal processing efficiency was high and there
was little precursor hMn-SOD detectable at 4 days pi., detection of increased

efficiency was difficult. Despite this a clear trend was present, in which the
presence of Ro5-4864 or PK11195 decreased the amount of detectable
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precursor hMn-SOD. This occurred without significant decreases in mature form,
and in the particular case of Ro5-4864 the trend was for the presence of greater
quantities of mature form. Peripheral benzodiazepine receptor ligands have

been ascribed a regulatory role in cholesterol transport across the inner
membrane space, mitochondrial steroid genesis, and heme transport across the

inner mitochondrial membrane (131, 13, 133).- This is the first report that
implicates this receptor complex’s involvement in protein translocation.
The effects of the PBzR ligands on precursor protein processing could
represent either a direct or indirect action on the mitochondrial processing

apparatus. For instance the PBzR could regulate the mitochondrial levels of
PTP modulating agents (e.g., NADH, ADP, PP., etc.) which might influence the

protein import machinery. In fact the PBzR reportedly associates with the
mitochondrial voltage dependent anion channel (VDAC) and the adenine

nucleotide translocator (134). Influence over either of these channel’s activities
could explain the enhancement of hMn-SOD processing which was observed in
these studies. Alternatively, PBzR’s direct association with the protein import

machinery is supported by the patch-clamp studies of Kinnally et al. (99). They
found that the effects of the benzodiazepine receptor ligands were acute and

exerted under conditions where the bathing medium was tightly controlled, and
its composition was unaffected by mitochondrial translocase activities.

Treatment of Sf-9 cells with the PBzR ligands Ro5-4864 and PK11195 led
to the clear trend of lower precursor to mature hMn-SOD ratio, which at day 4
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post-infection was evident in a dose-dependent fashion. However,
protoporphyrin IX (PPIX) treatment yielded more ambiguous results, which
probably reflected the difficulty in detecting a decrease of an already low basal

PM-ratio. The use of a high range dose-response (0.5mM- 3.0mM) paraquat
treatment to raise the PM-ratio ± the presence of PPIX provided the most

compelling evidence that PPIX’s general influence was to enhance hMn-SOD
processing (Fig. 28). At every concentration of paraquat, PPIX slightly improved
the processing of hMn-SOD, leading to less unprocessed precursor and greater

quantities of the mature form by 4 days pi. This is significant in that it may

indicate that the PBzR ligand compensates for the paraquat induced lesion
rather than acting to reverse the defect. One would expect more improvement of
processing (similar to effects of DTT) if PPIX acts directly to correct the

paraquat-induced lesion.
This raises another point concerning the paraquat-induced inhibition of

hMn-SOD processing, i.e. a complete block in hMn-SOD processing was not
observed at any concentration of paraquat. This phenomenon could represent

a delayed effect of paraquat treatment, or it may instead signify that we are
observing a lower processing efficiency. This subtle difference may not seem at
first an important distinction; however, it may represent an important

consideration in circumstances when the mitochondrial processing system is
operating under less stressful conditions (without the vigorous viral promoter

driven expression of precursor protein).
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The generation of nuclear, mitochondrial, and cytosolic enriched fractions

of Sf-9 cells was accomplished with a protocol previously shown to isolate these
components from insect cells (114). Confirming the selective enrichment of the
nuclear and mitochondrial fractions, polyhedrin protein was found almost

exclusively in the nuclear fraction of wild-type virus infected cells, while
recombinant hMn-SOD was seen to be mostly associated with the mitochondrial

pellet (Fig. 17). The mature 23kDa hMn-SOD protein band was also found
consistently in the cytoplasmic and nuclear enriched fractions, probably resulting

from contamination due to mitochondrial lysis and unbroken cells. The activation
of hMn-SOD with 1mM manganese was not observed to change the apparent

protein distribution of hMn-SOD-AcNPV-infected cell cultures: The accumulated
precursor hMn-SOD of paraquat-treated cells was found to be associated with
the mitochondrial and nuclear pellets and could not be resolved from the

mitochondrial associated mature hMn-SOD by differential centrifugation.
If it had been found that the precursor was in the soluble cytoplasmic

supernatant fraction, the issue of a mitochondrial import versus processing

defect would be clearly resolved. Unfortunately the finding that precursor hMn-

SOD co-localizes to the mitochondrial and nuclear pellets reveals little
concerning the nature of the paraquat-induced lesion. The possibilities for the
intracellular fate of precursor hMn-SOD include: insoluble protein aggregates,

partial importation with incorrect inner membrane-space localization, correct
importation but inactivation of the mitochondrial peptidase, or an association of

i
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the precursor with another cellular structure (e.g., microsomes) which are

commonly found to contaminate the so called “mitochondrial fraction”. The only
strong conclusion which can be derived from these experiments is that the
accumulated precursor hMn-SOD is not localized in the soluble cytoplasmic

fraction. Comprehensive studies involving determination of the local and

intracellular fate of the accumulated precursor hMn-SOD will probably be crucial
to revealing the precise mechanistic dysfunction induced by paraquat. However,

concerns regarding the mechanism of paraquat action are beyond the scope of
the present work.

The infection of Sf-9 cells with hMn-SOD-AcNPV leads to the

accumulation of large quantities of mature hMn-SOD within the insect cell

mitochondria. In the presence of adequate manganese, this enzyme is
assembled into an active conformation. In its absence the enzyme is imported as
an inactive apoprotein. Mitochondrial proteins are thought to incorporate co

factors as a terminal step of their assembly when the tertiary structure of the

protein is ‘recognizable’ to the co-factor (135). The ‘activation’ of hMn-SOD by
manganese was exploited experimentally. Thus by the relatively simple

introduction of a 1mM manganese medium supplementation, the activation of a
large superoxide dismutase activity was effected in a mitochondrial-targeted

fashion.

The activation of manganese superoxide dismutase with manganese
supplementation was found to significantly attenuate the paraquat-induced
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mitochondrial precursor processing defect. This directly confirms the presumed

involvement of the superoxide radical in the effects of paraquat treatment
Besides paraquat intoxication, another treatment which is well known to
increase mitochondrial generation of superoxide is hyperoxia (41, 42, 87). Even

under basal circumstances the mitochondrial electron transport chain

incompletely reduces ~2-3% of the molecular oxygen it consumes to the

superoxide radical. Furthermore any increase in Po2 leads to a directly
proportional increase in the amount of superoxide which is seen to ‘leak’ from
the electron transport chain (42). The generation of this superoxide and its

subsequent conversion to reactive oxygen species is widely considered to be the
major deleterious effect of hyperoxygen concentrations in vivo and in vitro. Our

data showing that superoxide introduced a lesion in the mitochondrial precursor
processing apparatus led us to explore the effects of hyperoxic culture conditions

on hMn-SOD processing. As expected it was found that hyperoxic culture

conditions introduced a lesion in hMn-SOD processing which was similar to its
paraquat-induced counterpart. Specifically it occurred in the absence of any

detectable cellular toxicity and was significantly abated by activation of

superoxide dismutase activity.
The significance of the finding that hyperoxia leads to the inhibition of

precursor hMn-SOD processing is highlighted by the work of Clerch et al. (64,
66). This group has found that exposure of rats to hyperoxic conditions results in

a decrease in their lung tissue Mn-SOD activity levels, which closely correlates
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with the observed lung dysfunction. By virtue of the fact that Mn-SOD mRNA
was seen to be induced 3-fold in the same time frame activity levels were seen

to diminish, it was concluded that hyperoxia led to a post-translation block in the

expression of Mn-SOD. This occurred in absence of changes of other
antioxidant enzymes (i.e., Cu, Zn-SOD, catalase), and thus appeared to be
selective for the mitochondrial Mn-SOD. Increased rates of Mn-SOD protein
degradation was one explanation offered to explain these findings. This,

however, is inconsistent with the Mn-SOD literature which broadly supports the
view that this enzyme is remarkably stable, especially when compared to its

cytosolic SOD counterpart (Cu, Zn-SOD). For instance, the half-life of Mn-SOD
in plasma is 5-6 h., compared to Cu, Zn-SOD which is 6-10 minutes (136). The

reliance of the functional expression of Mn-SOD on correct mitochondrial

processing clearly suggests processing as a likely site for a post-translational
block of Mn-SOD expression.
The contention that a post-translational block of the functional expression
of Mn-SOD occurs at the level of mitochondrial processing is strongly supported
by our demonstration that increased superoxide production (introduced by

hyperoxia or paraquat) introduces a mitochondrial processing defect inMn-SOD
expressed in insect cells via infection with a recombinant baculovirus. In
addition, the findings of Clerch et al. support the notion that this processing block

occurs under pathological conditions in vivo, and is not a phenomenon confined

to the experimental conditions of virally produced hMn-SOD in insect cells.
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The exact nature of the processing lesion is not certain, but in the case of

hMn-SOD it represents a relevant consideration for the cellular response to
oxidant stress. The post-translational block of expression of a key antioxidant

enzyme presents an obvious dilemma for the cellular response against oxidative
stress. In this vein, it is interesting to note that Mn-SOD nuclear gene

expression, unlike the constitutive expression of its cytosolic counterpart, Cu, Zn-

SOD, is highly inducible in response to a myriad of oxidative stresses. Could this
induction be a compensatory mechanism for a partial post-translational block
occurring at the mitochondrial processing level? The depletion of Mn-SOD
activity observed by Clerch et al. would certainly have been more severe had
Mn-SOD mRNA expression levels stayed constant in the face of hyperoxic insult.

This may clarify the numerous examples of Mn-SOD mRNA induction in the
literature which occur in the absence of changes in other antioxidant enzyme

levels (137). Because of the vertical processing of ROS by the cellular defensive
enzyme systems (O2's conversion to H2O2 by SOD; H2O2's conversion to H2O by

catalase), their effectiveness depends upon the balanced expression of the
components of this system, making experimental observations of a unilateral
increase in a single enzyme (Mn-SOD) a bit puzzling. This point is illustrated by
the demonstration that the overexpression of a single component (Mn-SOD) of
the antioxidant system leads to sensitization of the cells to oxidative insult rather
than the expected protective effect (138, 59, 60, 61). Thus the induction of only

Mn-SOD in the absence of increases in H2O2 scavenging enzymes could be
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viewed as a counter-productive measure if the end result is substantially

increased cellular SOD levels.
Given the key role of the mitochondrion as the cell’s primary consumer of

reducing power and molecular oxygen, the finding that redox conditions appear
to modulate biogenesis immediately suggests a regulatory mechanism of broad
physiological significance (see Fig. 29). The mitochondrial incorporation of

protein is a fundamental process which impacts directly on the functional status
of the mitochondrion.

For instance, the idea that protein incorporation by the

mitochondrion is modulated by local redox conditions may explain the

mitochondrial heterogeneity of cells (Fig. 30) which has been demonstrated by
many laboratories studying the morphological, biochemical, and functional

aspects of different subpopulations of mitochondria (139, 140, 141, 142, 143). In
particular, cardiac and skeletal muscle cells display two distinct populations of
mitochondria, the sarcolemma subfraction (SS) and the intermyofibrillar (IMF)

subtraction. The IMF mitochondria are generally more robust, displaying higher
oxidative phosphorylation capacities, and differing protein and lipid compositions

than their SS mitochondria counterparts. In a seminal study by Takahashi et al.
a 3-4 fold increased rate of precursor protein processing for the IMF

mitochondria was found as compared to the SS mitochondria (139). It was
concluded that the different rates of protein import were likely to underlie this

fractional phenotypic heterogeneity of mitochondria within a given cell type. The
modulation of mitochondrial protein processing by the local cellular redox
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Figure 29

Illustration summarizing a proposed modulation of mitochondrial
import by local redox conditions and the pertinent events occurring

at the level of the mitochondrion in hMn-SOD-AcNPV-infected

insect cells. Precursor hMn-SOD is imported across the outer and
inner membranes via the TOM and TIM protein complexes
respectively. Once in the matrix the 27 amino acid leader

sequence is proteolytically removed and the mitochondrial matrix

chaperone proteins facilitate the assembly of the unfolded protein

to active enzyme, provided the cofactor manganese ion is present.
The manganese ion is presumably incorporated as the terminal

step in the assembly of active enzyme. The electron transport

chain generates superoxide in direct proportion to the oxygen
concentration. Superoxide, or one of its reactive oxygen
metabolites, is suggested to feed back and influence the efficiency

of the mitochondrial precursor processing machinery. In the

presence of active hMn-SOD the superoxide is rapidly converted to
hydrogen peroxide, which, in turn, is converted to H2O by
glutathione peroxidase (GSH) or catalase. The inner membrane

ATPase, which converts the proton gradient generated by the
electron transport chain into the useful energy currency, ATP, is

also depicted.
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Figure 30

Schematic illustration of a proposed redox-modulatory mechanism
for regulation of mitochondrial protein processing. The local

I
subcellular redox environment is proposed to modulate

mitochondrial precursor protein uptake, with reducing conditions
leading to enhanced protein processing. Skeletal muscle has been

demonstrated to contain two defined populations of mitochondria,
the subsarcolemma (SS) mitochondrial population, and the

intermyofibrillar mitochondria (IMF). The phenotypic differences

between the two populations are truly significant and include:

different oxidative phosphorylation capacities, morphologies, and
protein compositions. It has recently been suggested by Takahashi

and Hood (139) that differential precursor processing rates, 3-4
times higher in IMF, may be the critical determinant of the observed

phenotypic differences. The Kroug model of capillary-tissue
oxygen diffusion (144) predicts a relatively higher reducing

environment in the interfibrillar domain. A redox-regulated model of
mitochondrial biogenesis is proposed which is based upon the
findings that redox conditions play a role in precursor protein

processing efficiency.
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conditions in skeletal muscle could offer an explanation of the observed
differences in phenotype and protein import rates in the two populations of
mitochondria.
The exact molecular mechanisms for this apparent redox-modulation are

unclear. However, the previous work detailing the redox ‘voltage tuning’ of the
PTP by other laboratories, and Bernadi’s group in particular, may offer insight as

to how the mitochondrial protein import apparatus is regulated by various
reducing and oxidizing species. They demonstrate that the MPT is regulated by

at least two distinct redox sensitive sites, a P (pyridine nucleotide pool
modulated) and an S (sulfhydryl redox status modulated) site (117). Their

general findings are that NADH, NADPH, glutathione, and the reduction status
of key sulfhydryl groups interact at the level of the PTP to provide a complex

picture of redox modulation. It is also of interest to note that similar studies on

PTP have characterized a large number of effector molecules (i.e. ATP, ADP,
benzodiazepines, cyclosporin A, and hydrogen peroxide; see review 84 for

complete list and references), pointing to a large number of potential regulators
of the mitochondrial precursor protein processing apparatus. Knowledge from

studies concerning the PTP may facilitate future work to delineate potential
mechanisms by which mitochondrial protein import is regulated.

Future studies will likely focus on demonstrating dysfunction of
mitochondrial import as a component of various ROS-mediated pathologies

(ischemic-reperfusion, hyperoxic exposure, aging, etc.). In addition, the
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potentially highly regulated nature of the mitochondrial processing apparatus

presents a fertile area of inquiry, which will undoubtedly impact significantly on

our understanding of mitochondrial biogenesis. Lastly, the exact nature of the
hyperoxia/paraquat induced lesion is open to question. The high expression of

hMn-SOD achieved in the baculovirus system should facilitate studies to
elucidate the precise molecular mechanism responsible for thedefective
processing. The study of mitochondrial protein import has taken an unusual

progression, in that its specific mechanistic aspects have been revealed before
the process, as a whole, has been explored. Most other cellular parameters

(e.g., amino acid and lipoprotein uptake, etc.) were first studied as a “black box”
with general questions asked about what will affect the process in a whole cell

context. Only then was a reductionistic approach applied to dissect the specific
components and mechanisms by which the process is accomplished. In contrast,
import of mitochondrial proteins has been mechanistically described and the

major protein components have been identified before studies have addressed
broad questions of the possible factors which might influence this process.
The prevailing notion that mitochondrial import of proteins is a constitutive,

unregulated process may be in error. It is easy to speculate that redox

modulation may represent a physiologically relevant control mechanism which
allows the mitochondrion to respond to local conditions. In any case, it is certain
that this complex process is compromised under certain cellular conditions.

It is probable that mitochondria require different or enhanced levels of
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protein uptake during periods of rapid biogenesis (cell proliferation), increased
■

energy demands, and depending on their spacial localization in the cell or tissue.
Unlike prokaryotes which regulate protein levels almost exclusively at an early
transcriptional stage, eukaryotic cells have been found to have a multitude of

points of regulation. Instances have been found in which mRNA stability and

protein degradation rates determine the final protein level. When viewed in this

light it seems reasonable that mitochondrial enzyme import may be a point at
which regulation of protein expression could be achieved.
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